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PREFACE

This report describes work performed by ITT Gilfillan for Rome
Air Development Center (RADCt under Contract No. F30602-79-C-0026.
The Project Engineer for RADC was Mr. Thomas B. Shields.

The objective of this study was to identify new technology
required to provide advanced multithreat performance capabilities in
future tactical surveillance radar designs. This report summarizes the
results of steps leading to the identification of new technology: an
analysis of current threats and those expected in the 1990s; a
determination of the functions, operations and mission of the TA CS
and its sensors, and the environment in which they operate; then
formulating a baseline advanced tactical radar against which current
and future technology can be evaluated. The baseline ATR
system synthesized in this study meets the mission and threat
requirements of the post-1985 era. This multiple function radar
combines a unique antenna/transmitter with advanced signal processing
techniques to automatically track and report targets in a heavy ECM
environment.

The report was edited by the Principal Investigator,
Mr. Ronald Rosien. The system description and perfbrmance
predictions found in Sections 3 and 8 were accomplished by
Mr. Leo Cardone. Mr. Joseph Petersam contributed the threat
analysis and requirements determination of Section 2. Signal
Processing efforts were directed by Dr. David Hammers with the

Waveform Development (Section 4) contributed by Mr. Albert
Klein, and Automatic Tracking by Mr. Edward Nozawa. The
functional technology areas in Section 6 were written by:
Dr. George Hockham (Antenna), Mr. Harvey Horn (Solid State
Transmitter), Mr. Stanley Goldman (Tube Transmitter), Mr.
Willis Blackstone (Receiver), Mr. Charles Lucas (Processors),
Mr. Reese Briggs (Mechanical).
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!. INTRODUCTION AND SUMMARY

1.1 STATEMENT OF THE PROBLEM

Current TACS ground radan cannot satisfy future TACS requirements based on
projected threat environments. Consequently, the "Tactical Radar Technology Study" and
other related studies are being directed to support the Air Force program to develop a
tactical surveillance radar for the post-1985 time frame which will ensure both functional
and operational survivability in the projected dynamic, hostile situation.

Current and projected mobility of ground forces and fluid tactical situations demand
that emphasis be placed on very high mobility for all elements of the future TACS. It is
unlikely that setup and teardown times exceeding 15 minutes will be tolerable for those
TACS elements, especially the Advanced Tactical Radars (ATR) that will be deployed near
the FEBA.

The future EW environment postulates active enemy ECM directed against TACS
radars and communications/data links. Chaff will be deployed to disable radars without
sophisticated signal processing and also combined with other ECM resources, to degrade radars
utilizing advanced signal processing techniques. Direct physical attack on some or all friendly
radiators (sensors and communications) is to be expected from cruise missiles, ARMs and
RPVs.

The present TACS radars will not be able to provide surveillance coverage beyond
the FEBA when subjected to the postulated hostile ECM. Coverage of sectors or corridors
on both sides of the FEBA will be denied by enemy jamming and chaff. Although an
upgraded AN/TPS-43E radar, outfitted with the ultra-low sidelobe antenna (ULSA), should
improve surveillance somewhat and keep denied sectors to a minimum, it is most probable
that full coverage in such sectors can only be provided by introducing new surveillance
concepts that enhance TACS functional and operational survivability.

The synthesized baseline ATR design, detailed in this report, is based on a new
surveillance system concept. This concept utilizes a sensor net of new ground based long
range radars (ATRs) augmented by the Army Air Defense radars and further augmented by
new ground-based gap filler radars and the E-3A as a means for obtaining low level coverage.
For logistics effectivity, the new gap filler radar is envisioned as a lower module variant of
the long range ATR. As such, both radars must have good ECCM and Anti-ARM capability.
They must provide automatic track initiation and maintenance, and be able to store and
exchange track information with neighboring radars as well as to report all tracks to operations
centers.

The operations centers will be the primary command and control elements of the
TACS and may or may not have radars colocated with them. However, residual control
capability will exist at each radar site as a backup capability in the event that one or more
operations centers are lost. Therefore, each radar site must be able to communicate with
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aircraft and be capable of performing the functions of identification, GCI, air traffic control,
etc. The number of radars (both long range and gap fillers) associated with each operations
center, as well as the number of operation centers, will vary with the specific theater require-
ments. It is assumed in this concept that all of the TACS operations centers will be netted
with each other as well as with the E-3A and the Army TSQ-73.

Certain required ATR performance characteristics can be deduced from the future
TACS operational/configurational requirements. For example, emphasis must be placed on
the d-velopment of highly jam-resistant short-to-medium range ATRs featuring waveform
generation/processing flexibility to obtain long-range surveillance/identification data when
possible. Also, the ATR design must utilize wide dynamic range, coherent transmissions and
adaptive signal processing to effectively discriminate against clutter, chaff and weather.
Another required characteristic is rapid ATR setup and teardown, on the order of 15 minutes
or less, to ensure operational survivability.

1-3
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1.2 STUDY METHODOLOGY

The methodology employed in conducting the "Tactical Radar Technology Study"
was a top down process beginning with a mission analysis of the future TACS, a requirements
definition for the A TR and establishment of a candidate baseline A TR design approach that
could satisfy all requirements. The process then involved tradeoffs between requirements,
alternative concepts/implementations, and cost. The study output was the identification of
required technology advances and future tradeoff studies.

The Radar Technology Study was performed in accordance with the task flow
network of Figure A. Essential study tasks were: 1) to formulate a baseline ATR design
concept based on satisfying the functional requirements for air surveillance/identification and
meeting the operational requirements for mobility, air transportability, etc., and 2) to compare
available technology with that required by the baseline ATR design in order to identify where
new technology advances are required. The baseline ATR design, synthesized in Section 3 of
the report, is summarized in the following section, and the technology advances required,
summarized in Section 1.4, are identified and documented throughout the report.

The formal study was initiated by performing the requirements analysis task which
necessitated a familiarization with the functions, operations and missions of the TACS in
scenario and under present and future threats. The task was executed in general through a
literature search and in particular through assimilation of information contained in the follow-
ing Air Force Reports: "Project Seek Screen" RADC TR-75-320, "Tactical Air Forces Inte-
grated Information System (TAFIIS) Master Plan" TAFIG-78-1. and "Tactical Air Control
System: Alternative Surveillance System Concepts Study" RADC-TR-79-136. Completion of
the requirements analysis task resulted in the quantification of the operational/configurational
requirements for future TACS elements and permitted formulation of the ATR's design

requirements based on the threat and the TACS requirements. The results of the Radar
Design Requirements study task are detailed in Section 2 and Appendix A of this report.

Although three candidate ATR designs were initially postulated to obtain alternative
levels of performance with attendant alternative levels of acquisition cost for rlative evaluation,
it was eventually decided to select/definitize and evaluate one configuration, a mid-level per-
formance/mid-level cost candidate. This decision was prompted by the need for expediency,
considering the short term of the study, and by the recognition that economic considerations
will and must play a large part in determining the ATR configuration eventually selected for
development/deployment. In this regard,, the baseline design approach proposed for evaluation
can not be a constrained design, conversely, it must be capable of providing either greater or
lesser performance without requiring adoption of an entirely new design approach. Since
this is the case for the baseline design selected it provides the needed reference to identify
required new technology advances and to perform future cost-vs-performance tradeoffs th~ii
are essential in determining the optimum ATR.

1-4
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The selected baseline ATR system configuration was subsequently analyzed in order
to apportion specific requirements to the ATR's major subsystems (antenna, transmitter,
receiver, signal/data processor, etc.). These subsystem requirements were then compared
against what can currently be achieved by employing newly available technology implemen-
tations. The rationale for employing new technology implementation is that new technologies
are typically on a steeper portion of the "capability improvements versus dollar expenditures"
curve than are those based upon established older technologies. Where these new technology
implementations were found lacking in capability, or were too large in volume, weight, power
consumption, etc.; new technology advancements were identified and evaluated as to technical
risk, cost, and required development time.

In parallel with these tasks devoted to identifying required subsystem technology
advancements the ATR system requirements were further developed through studies concen-
trating on waveform and tracking requirements/implementations. These studies results in
successfully bounding certain system parameters and in identifying additional tradeoff analyses
that will be needed in order to define the optimum ATR. These studies can be found in
Sections 4 and 5 of this report.
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1.3 BASELINE ATR DESIGN CONCEPT

The design concept selected for the baseline A TR inherently provides the potential
for satisfying all TACS/ATR requirements and Is therefore the study reference needed to
identify required technologi advancements/cost reductions.

The baseline ATR design concept selected for the technology study is concisely
depicted in Figures A and B. As shown in the figures, three self-propelled vehicles are used
to transport the multifunction (search, track, and identification) ATR that provides long-range
(200 nni) hemispherical surveillance/identification coverage. Two of the vehicles transport
identical equipments, two C-Band polarization agile antenna array faces with associated trans-
mitters, receivers and signal/data processors. Since each array face provides coverage for a
90 degree azimuth sector, four array faces are needed to provide 360 degrees of azimuth
coverage. The third vehicle transports a data/message processor, ground-to-air communications
equipment, display(s) for autonomous back-up control, and the prime power source for the
equipments on all three vehicles.

The baseline ATR's antenna design is undoubtedly the subsystemI most strongly
constrained by the TACS and ATR requirements. Perhaps the most imporlant example of
this premise is the high data rate requirement for track-while-scan tTWS) operation. Mechani-
cally scanning antenna approaches were precluded by the data rate requirement and the
desirability to inhibit visual detection. Al electronically agile beam directing approach in
both azimuth and elevation plan,, was therefore selected. Low sidelobes (-50 dB), particu-
larly in the azimuth plane are needed to counter stand-off jammers and ARMs. Ad ditional
requirements for wide signal and operating bandwidths for LP1 and non-cooperative target
IFFN classification narrows the choice of design approaches considerably. Polarization
agility on both transmit and receive should be implcmented to afford improved performance
in ECM and in non-cooperative target classification. To accommodate all of the above
requirements/considerations the selected baseline ATR antenna design approach is a four face
planar array having Rotman lens beamformers, and solid-state transmitters distributed in the
elevation plane of each array face. Rotnian lenses are used to achieve the true time delay
beamn steering necessary for wide signal bandwidth operation. This design approach has the
capability of providing either single beam operation (the baseline implementation) or simul-
taneous multiple beam operation with adaptive beam shaping and null steering for additional
capability. Null steering is an added ability to introduce well defined nulls (> -50 LIB) in
the antenna radiation/receive pattern in any arbitrary direction(s) for jamnier ii illing. This
feature could be employed to minimize the ARM threat and significantly improve the ATR
signal-to-jamming ratio.

The solid-state transmitter design selected for the ATR baseline accommodates the
high data rate requirement by providing the capability for four simultaneous transmissions
(and receptions), one from each face of the antenna array. It additionally provides the
graceful degradation capability that is required and has the potential for providing "greater
capability for fewer dollars expended.'- normally attributed to new technology implementations.

1-8
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It is to be noted that the baseline ATR design approach could also accommodate a

centralized solid-state transmitter design (less efficient) or a centralized tube transmitter

(also less efficient and having greater weight and volume) if future performance-vs-cost

tradeoffs dictate these implementations are preferred.

The essentially redundant (one per antenna array face) receiver and signal/data

processor configuration selected for the baseline ATR is based on the trend in new thin/

thick film (analog) and integrated circuit (digital) hardware technology toward dramatically

reduced size and relative cost. The consequence of this trend is that redundant systems

are both feasible and cost effective. The signal processor subsystem provides dual channel

(H&V) polarization processing, adaptive spectral filtering, hard limited CFAR processing and

binary phase coded pulse compression. Implementation assumes the use of VHSIC technology.

The data processor subsystem provides target parameter (R, 0, 0) extraction, target tracking

(automatic track initiation and maintenance), and target classification. The need for the

design of a cost-effective multisensor adaptive system tracker is established and additional

studies recommended. Recommended data processor implementation is through the use of

modular hardware/software units being developed by ESD/RADC for TACS C2 elements.

1-10
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1.4 REQUIRED COMPONENT TECHNOLOGY ADVANCEMENTS

Component technology advances are required for the Transmitter, Antenna and
Signal Data Processor elements of the A TR in order to provide a cost-effective solution.

The purpose of this study was to identify the technology required to provide
advanced multithreat performance capabilities in future tactical radar designs. To accomplish
this, the baseline ATR system described in the previous section was assessed in terms of
meeting the desired operational requirements utilizing existing technology. Deficiencies were
noted either in meeting the operational performance and/or in achieving desired goals for
size, weight, power consumption, and projected cost. It was concluded that advances both
in component technology and in applied system methodology were required to bring these
items into reasonable dimensions. The major component technology advances relate to solid
state device development for the transmitter, correlator/memory /uncommitted logic arrays for
signal and data processing, reduction of line and switch losses in the antenna, and lightweight
material/armor development for general system weight reduction. Various trade studies were
also recommended to evaluate alternate means of both hardware and system implementation
to realize possible cost-benefit improvements.

The major radar elements related to the identified component technology
requirements are:

* Antenna
* Transmitter
* Signal and Data Processor
* Mechanical Design

Table I summarizes the key component technologies for each radar design area,
noting the particular devices involved, the desired requirement relative to existing performance,
and a qualitative risk factor (low, medium, high) which indicates the inverse probability of
success in meeting a post-1985 deployment schedule.

ThL_ antenna area lists three technology items needed to meet the desired perform-
ance in the field (-50 dB azimuth cardinal plane sidelobes, minimizing losses in the RF lines
and switches, and maintaining and measuring electrical/mechanical tolerances). These issues
are detailed in Section 6.1. The major risk item is achieving a less than 5 dB line/switch
loss; roughly a 50 percent probability. The trade study required involves utilization of lower
loss dielectric materials which will present potential packaging problems related to size
and weight.

1-12
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Table L Component Technology Summary

Existing
Element Component Requirements Technology Risk

Antenna Rotman Lens < -50 dB -40 dB Low
az cardinal plane

Line/switch sidelobes

Line/switch < 5 dB 7 dB Medium
losses

Component 2-40 random phase 100 Low
tolerance stability

Transmitter Solid state 10 watt peak 2 watts Low-

module Medium

Low cost Very high cost High

Tube 200 kW peak 100 kW peak Low
10 kW average 5 kW average
increased power
margin

Signal Processor Correlator chip 512 bits 64 bits Medium
6.5 MHz 6.5 MHz
6 mW/bit 12 mW/bit

Memory chip 16 k-bit RAM 4 K-bit RAM Low
75 nsec cycle 75 nsec cycle
0.05 mW/bit 0.10 mW/bit

A/D Converter 11 bits 8 bits Low-
6.5 MHz 13 MHz Medium

Data Processor Uncommitted 1000 gates MSI/SSI Low-
LSI Logic Arrays 6.5 MHz Medium

Wideband A/D Converter 6 bits 6 bits High
Signal Processor 100 MHz 30 MHz

Memory Shift Register 256 bits High
1 K-bit 40 MHz
100 MHz

Uncommitted 500 gates -- High

LSI Logic Arrays 2 GHz

1-13/1-14
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Table L Component Technology Summry (Continued)

Existing
Element Component Requirements Technology Risk

Mechanical Composite Need for min. weight Exists in other Low
Technology industry areas
Transfer

Stripline Feed Need hi prod rate Can hand build Low
Prod. to hold down costs small units

Lightweight Minimum wt to 6 to 8 lb/ft2  Medium
Armor effectiveness ratio for 100 grain

@ 5000 ft/sec

Threat Need level specified No specification Low
Resistance to allow implementation exists
Threshold

1-15



1.5 REQUIRED SYSTEM TECHNOLOGY TRADE STUDIES

Various system trade studies are required to ealuate ATR variants permitted by
the baseline concept.

While advances in component technology should lead to smaller, lighter weight,
and more efficient ATR configurations, it is also reasonable to continue in the search for

alternate means of implementation to improve cost/benefit performance. As noted in

Section 1.2, the baseline concept should not be a constrained design. Within this context,
various baseline technology issues have been identified as potential candidates for trade study
evaluation. Most of these impact the waveform design and its related effect upon ATR
performance and cost (see Section 4). Tracking technology also heavily influences system
performance; this is detailed in Section 5. A summary of these and other related technology
studies is presented in the paragraphs following and summarized in the Table.

System Technology Summary

Study Area Cost or Performance Goals

Dual Channel Processing Enhance clutter rejection 5 - 10 dB
Reduce signal processor cost 50 percent

Spectral Filtering Improve clutter rejection - 3 dB
Enhance long range detection

Duty Cycle Reduce processor cost 10 - 30 percent
Improve multiple target discrimination

Wideband Processing Potential for target classification and
detection small cross sections in clutter

Monopulse Tracker Increase update rate factor four balance
against cost

Balanced Search/Track. Design Reduce processor cost 10 - 20 percent
Improve track performance 3 dB

Multi-Sensor Tracker Develop methodology for fusion of
single sensor track data. Potential
significant cost reduction radar module

Waveform Related Technology

There are four major waveform related areas identified for further study; namely,
dual channel processing, spectral filtering, duty cycle reduction, and wideband processing.

1-16



Dual channel processing is designed to take advantage of the difference in the
combined polarization and spectral scattering properties between targets and clutter, such
that the probability of target detection is maximized. This could result in significant cost
reduction in the Signal Processor configuration. Further study is required to determine
the degree of target enhancement, and the trade between processor/receiver/antenna costs.
The study would be followed by an extensive field test program. The technical risks in
this area are considered low.

The general area of spectral filtering has undergone considerable study in efforts
to enhance detection in clutter. This is particularly significant for the ATR in terms of
long range detection and track through chaff. The list of specific study issues includes
adaptive prf modes, beam forming techniques, and maximum entropy spectral estimation.
Each of the above would entail a low risk study effort.

Duty cycle trade issues assume importance because the transmitted pulsewidth
has a pronounced effect upon processor cost, as related to the waveform time-bandwidth
product. Aside from cost considerations, the ambiguity plane responses for typical wave-
forms should also be evaluated in terms of performance associated with multiple target
environments and raid size assessment. Selection of pulsewidth and duty cycle also impacts
transmitter design, such that attendant trade issues involving solid state and tube type
transmitters must also be investigated. As studies, these would also be considered low risk
efforts.

Wideband processing is of interest in dealing with target recognition/classification,
low probability of intercept waveforms, and in the detection of very small cross section
targets in clutter. Although it was noted that a high risk exists for timely development
of wideband logic devices, the evolution of techniques for wideband processing should
proceed in anticipation of such development. With regard to detection in clutter, the trade
issues involve the distributed nature of the target scatterers, and related effects upon false
alarm and detection criteria in the various clutter environments. Target classification trade
issues are discussed in the following paragraphs.

Single Sensor Considerations I

In order to operate within the projected .multithreat environment, the system
must: (1) achieve a high level of automaticity, (2) possess a capability for adaptive
resource management, and (3) capitalize on the synergism realized from netting of the
system's sensors to obtain fast reaction to the threat. Target data and environment data
must be used to continuously configure the system into a format which optimizes target
extraction, target track, and target classification. In this manner, the processing resources
are always balanced so that excessive demands will not have to be made on the performance
measures of any one subsystem. Within this frameWork, a key factor is that operation of
the autotrack process feeds back and directy impacts the operation of all of the other
processes.

1-17



The major concern for the transmitter involves the availability of a device operating
a C-Band, which will achieve the required power demands at reasonable cost in a solid state
configuration. Existing modules have nominal 2 watt peak power capability, requiring 25,000
of thesp devices to deliver a peak power of 50 kW. It is expected that a 10 watt device
would be available for post-1985 deployment. The concomitant risk of achieving a 10 watt
module at an acceptable cost is, however, high. On the other hand, transmitter tubes
currently exist which can supply the required baseline power. In addition, a low risk develop-
ment effort should result in higher tube power capability for increased syrtem performance
and/or power margin. The relative merits of solid state versus tube designs are more fully
explored in Section 6.2.

The signal and data processor advanced technology requirements noted in Table I,
relate primarily to device development leading to reduced size and power consumption. It is
noted in the processor description of Section 6.4, that the electrical requirements for baseline
operation can be met with existing components. However, reductions in size and power con-
sumption of 50 percent are necessary to meet desired goals. The major item noted is the
correlator ship which involves about 35 percent of the signal processor architecture. This
carries a medium risk label because specialized development would be required for the ATR
system, although the DOD VHSIC program could possibly also contribute toward this develop-
ment. The remaining items of A/D converters, memory chip, and LSI uncommitted logic
arrays are in a lower risk category. Although some development is required, it is expected
that other requirements for both the military and commercial markets will provide sufficient
demand to spur production of these devices.

Wideband signal processor devices are concerned with special radar applications for

target recognition and/or classification. It should be noted that these functions are desirable
but not necessary to meet the baseline requirements. Although there are on-going efforts in
this area, the risk of meeting the wideband processor requirements by 1985 is considered
high because the devices will require gigabit switching speeds for proper operation. This is
discussed in greater detail in Section 6.4.

The last set of items identified for component development is in the area of
mechanical design. Three of the four technology improvements are needed to improve the
mobility performance of the system. The establishment of threat resistance leads to armoring
requirements and to a suitable mix ratio between advanced composite materials and armor,
such that an equitable balance can be established between mobility and survivability. Light-
weight armor development is currently under investigation within the industry, and represents
a medium risk factor for producing material superior to the present ceramic/Kevlar combination.
The remaining three items are low risk development/study efforts. Additional details can be
found in Section 6.5.
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The other critical aspect of the autotrack process is that its output represents the
major radar sensor data interface with the tactical user. As such, an ancillary theme to the
above is that single system tracks (SST) have to be established and identification determined
using all target data derived from all sensors in a timely fashion. The netting or merging
of target data is the final operation upon which the tactical user depends.

The issue of optimum energy/resources control becomes especially crucial for
multifunction radar embodying both search and track. From the tactical user viewpoint,
timely assessment of the threat is fundamental to the optimum allocation of weapon
resources. In effect, the level of automaticity realizable is critically de endent on the efficacy
of the target classification function. If the variances associated with tile target classification
outputs are minimal, then a high level of automaticity is feasible resulting in decreased system
reaction time. However, a critical facet that impacts the efficacy of the target classification
function is the degree of adaptiveness that the surveillance radar possesses, (e.g., variable track
verification data rates).

It is essential, therefore, that track initiation be accomplished with a minimum of
"looks" per target, and that false or redundant tracks be minimizet4 This can be facilitated
by proper distribution of false return rejection among the various radar processes, and the
utilization of special wideband waveform modes to enhance the classification of targets of
interest.

The above discussion represents major technology radar design trade issues from
which the following specific SST trade studies are recommended for further investigation.

* Reexamine allocation of search/track functions to provide balance resource
operation. For example, optimization: of the single sensor track function
can result in a reduction of signal processor requirements such as false alarm
and target detection figures-of-merit. Power requirements may also be reduced
after track, permitting enhanced surveillance capability. Development of
accurate state estimation techniques, assocation algorithms, and variable data
rate capability is essential to this study effort.

* Target classification is a key function for track verification and threat assess-
ment (see Section 5.8). A study task is recommtni hded for the development
of target classification algorithms using wideband signature data including a
polarization discriminant. The major objectives include determination of
signature variation with aspect, rtquired sampling rates, and feature selection
for operation in chaff and in a multiple target environment.

* Investigate cost/perforniance relationship for monopulse tracker as compared
to baseline sequential lobing technique, to increase rate of track update.

Multi-Sensor Tracker

The magnitude of the threat environment dictates the necessity for a multi-sensor
network track function.
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The requirement for a multisensor adaptive system tracker poses additional tech-
nology trade study possibilities regarding techniques for optimally combining the outputs
of the individual radar sensors. The mechanization of a system track function will also
influence the design of the local track process, which, as noted before, has an iterative
effect upon the balanced design of the other radar processes. Consequently, the design
approach for the system tracker will have major impact upon the requirements and costs

of the individual radar (i.e., possible utilization of less than four antenna faces per sensor).

The underlying problem in this area is that the technology for adaptive system
track functions has not as yet been developed in terms of a formalized methodology
for generic track-while-scan surveillance radars. Formulation of this function should receive
high priority (see Section 5).

The major tasks needed to be performed to develop a methodology for multisensor
adaptive system trackers are:

* Perform operations analysis and develop performance figures of merit

S Perform data integration trade-offs

* Establish registration error budgets

* 'Coordinate system trade-off analysis

" State estimator optimization analysis

* Association optimization analysis

* Initiation and deletion optimization analysis

" Design computer simulations

" Perform cost-effectiveness trade-offs

* Perform military worth analysis

" Design system tracker

* Perform evaluation of system tracker.

The last five items are included to complete the process leading from operations
analysis to an engineering design and the performance evaluation of that design. The com-
plexity of the problems are such that computer simulations will be necessary to perform
the operations and optimization analysis for each of the track functions. Additional computer
simulations will be needed for the trade-off analyses and performance evaluations.
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1.6 CONCLUSIONS AND RECOMMENDATIONS

The baseline ATR design can potentially satisfy TACS requirements for single
multifunction sensor elements of an integrated multi-sensor net. Component technology
advances and additional system trade studies are needed for this potential to be realized.

A summary of identified technology advancements required for post-1985 deployment
of the ATR has been presented in the previous sections. As noted, the baseline design con-
cept has the potential for satisfying the TACS/ATR requirements, where most of the identified
required component advances relate to size, power consumption, and cost. Deficiencies in
projected multi-function operation are more illusory, since the ultimate requirement for single
sensor performance will be heavily weighted by the design concept of the multi-sensor network.
It is, therefore, strongly recommended that the more global requirements be definitized as
early as possible, since they will influence specific cost trade issues of the ATR. Regardless
of this, there are various key component and/or system cost trade studies which should be
undertaken for single radar sensor design. The recommendations that follow are associated
with the more important and higher risk items noted previously.

Component Development

" Antenna line and switch loss reduction and packaging

" C-Band solid state transmitter module development
" Correlator and uncommitted LSI logic array development
* Gigabit logic development for A/D converters, memory, and

uncommitted logic arrays
* Lightweight armor development

System Studies

0 Dual channel polarization processing techniques

* Spectral filtering enhancement
* Waveform selection, duty cycle trade issues in multiple

target environment
* Wideband processing for target classification

* Multifunction search/track trade study to optimize
radar resources

* Development of multi-sensor track methodology
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2. POSTULATED THREAT ENVIRONMENT AND OPERATIONAL REQUIREMENTS

2.1 CURRENT AND FUTURE THREATS

The U.S. Tactical Air Force in the post 1985 period will need Air Defense Weapons
Systems and a Tactical Air Control System (TACS) that have been optimized to operate
effectively in a threat environment predicted to be both sophisticated and multifaceted.

A major threat to the future TACS and its Advanced Tactical Radars (ATRs) has
been attributed to Soviet ARMs that can home on RF emissions. The ATR total threat
environment, however, encompasses RF, IR and E/O guided weaponry and the Electronic
Warfare (EW) ancillary equipment supporting these weapon systems. As a minimum, the
EW equipment includes detection systems (ESM) capable of providing parametric radar identi-
fication and target site location, and jamming systems (ECM) capable of providing brute force
(denial) and deception jamming. Aircraft of the Tactical Air Forces (TAF), which provide
one source of protection to the TACS complex, will themselves encounter enemy SAM and
AAM weaponry and jamming.

The current utilization of satellite reconnaissance and the introduction of advanced
missiles (cruise and anti-radiation) and precision guided munitions demonstrate a level of
Soviet threat development capable of engaging airborne TAF and land-based TACS complexes
with significant efficiency.

In a postulated Soviet Pact forces engagement scenario, the TACS key active ele-
ments and their functions will be located by a variety of reconnaissance and surveillance
equipments prior to any airborne penetrations and strikes. Weaponry and preferred penetra-
tion routes will be selected and ECM requirements for both the strike and support aircraft
will be established. I)ivcrsionary and actual chaff corridors may be sown to serve as pene-
tration aids and, IR suppressants and IR/RF decoys may also be used to provide penetrating
aircraft protection and increase confusion of the target selection process of our own air
defense network, It is likely that these decoys and RPVs will employ ARM guidance against
specific TACS emitters. Low cost expendable jammers could also be employed to perturbate
the TAC'S complex. Communications and IFF jamming will be extensive and will be supple-
mentid by barrage and spot jamming from stand-off support aircraft. Various forns of spot
and repeater jamming will be used for self-protection by penetrating aircraft. Data link jam-
ming may also he employed to degrade command guidance and defense aircraft vectoring.
The intent of these efforts will be to minimize the IACS reaction time to ARMs and other
strike weaponr./ by decreasing the ATR's detection range, and thereby maximize hostile
weapons' effectivity.
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2.2 TACTICAL AIR CONTROL SYSTEM OPERATIONAL/CONFIGURATIONAL
REQUIREMENTS

To successfully perform its mission, the future worldwide deployable TA CS must
meet specific operational and configurational requirements.

The mission of the TACS is (1) to maintain surveillance of air activities within the
theater of operations, (2) identify all aircraft operating in the area, (3) coordinate, control
and regulate the activities of all friendly aircraft, and (4) maintain the integrity of the air
space to the extent specified by the Air Force Component Commander. To accomplish the
mission in the severe threat environment predicted, TACS elements must meet certain func-
tional criteria. These functional criteria dictate both operational and configurational
constraints/requirements. A qualitative summary of these requirements is contained in the
paragraphs following.

Complete Air Situation Picture

The TACS sensors must provide a reasonably accurate and ccmplete picture of the
air situation over the theater of operations to serve a hierarchy of users. Users should be
able to extract reliably and easily the specific information that they need for their missions.
Thus, all elements (radars and op centers) of the system must be capable of automatically
tracking and reporting track informnation without the need for manual intervention. The
system must also be able to track a large number of maneuvering targets and maintain proper
track identity of crossing tracks. Furthermore, the systemn must be capable of forming single
system tracks from multiple sensor sources.

Identification

The system must resolve the dual problem of fratricide and resource allocation. The
fratricide problem requires targets to be identified as friend, foe or neutral with a high proba-
bility of correct identification in the presence of heavy electromagnetic interference. The
resource allocation problem also implies that targets must be further resolved as to type
(bomber, fighter, missile, helicopter, etc.), raid size, stores and probable missions. The systemn
must provide the means of identifying all targets in the theater of operations using a low
iaumber of independent tries, in day and night operations, in all types of weather, and at all
operational altitudes.

Graceful Degradation

The system must be able to fulfill its mnission while under determined hostile physi-
cal and electronic attack, Implicit in this definition are additional requirements for surviva-
bility of system elements, redundancy. and back-up modes of operation. Survivability implies
both functional survivability as would be needed in the ECM environment, and operational
survivability as would be needed in a direct attack situation. Thus, the system must not
only be able to detect ARMs, employ appropriate countermeasures, and not fail catastrophi-
cally in a jamming environment but must continue to provide adequate track information.
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The system must provide overlapping sensor coverage and redundant communication links
to insure functional integrity in the event of system element loss. Back-up modes of opera-
tion should be provided to enable remaining sensor and communication elementi to continue
to perform critical mission functions under reduced capability.

Air Transportability

The elements of the TACS must fit inside available TAC and MAC transport air-
craft. In adlition, the complete TACS must be delivered with a minimum number of
aircraft flights.

High Mobility

High mobility in all terrain (both on and off-road) is required of all TACS elements.
This is necessary in order to deploy quickly within the threater, to reconfigure quickly to
accommodate disabled or augmenting elements, to minimize down time due to repositioning,
and to enhance element survivability by complicating the enemy's targeting problems. All
elements of the system must be capable of rapid teardown when required to move and be
able to set up quickly and reestablish operations and communications with other elements.

Flexibility

Flexibility is required to enable the system deployment to meet theater specific
requirements. Implicit in this requirement is the ability to vary the number and types of
sensors and their interconnections. The system must be configured so that it can function
autonomously in any theater of operation and/or augment an existing U.S. or allied system.

Growth Potential

The TACS must not become obsolete due to an inability to incorporate technologi-
cal improvements to elements or sub-elements. An example of how growth potential can be
assured is by adopting a modular approach to C2 system acquisition where common hardware
and software modules and a flexible interconnect subsystem are used in the design and fabri-
cation of the C2 systems.

Logistically Supportable

The TACS configuration must be realistically supportable in terms of required
maintenance, manning including tixuning, reliability, peripheral support equipment and number
of unique system components. The surveillance elements (ATRs and operations centers) must
be sufficiently reliable and perform without routine manual involvement so as to permit con-
tinuous operation although minimally attended.

2-5



2.3 ADVANCED TACTICAL RADAR DESIGN REQUIREMENTS/GOALS

2.3.1 THREAT IMPACT ON RADAR DESIGN

The next generation tactical radar must not only feature greatly improved perfor.
mance in a benign environment, but must also be functionally and operationally survivable in
the projected threat environment of the 1990's.

A number of future TACS concepts and system architectures are currently being
evaluated by the Air Force to overcome some of the present system's identified deficiencies
and effectively counter the postulated threat. These concepts range from simple alterations
of the existing TACS architecture by augmentation and integration with companion systems,
to replacement of the entire TACS with new elements. Many of the alternatives being eval-
uated employ a new long-range ground based tactical suneillance radar as the primary sensor
element supporting the AC&W functions of identification, GCI, air traffic regulation, etc.
Since this advanced tactical radar (ATR) must be capable of performing its functions in the
projected threat environment, its design must be directed to provide excellent ECCM and anti-
ARM capability.

The ATRs design will have to cope with and effectively counter two basic hostile
activities, jamming (denial including chaff and deception) and direct attack by weapons (ARM,
PGM, etc). To minimize the effects of jamming, the following ATR characteristics must be
carefully selected:

a) Operating Frequency

b) Antenna Sidelobe Levels

c) Multi-Dimensional Resolution

d) Power-Aperture Product

e) Displays

f f) Waveform Design

g) System Flexibility

h) Complementary Equipment and System Integration

i) Passive Search and Track'

j) System ECCM Management

k) Data Links

I) Covert Operation.
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Fortunately, many of the ATR design decisions that should be made to counter the
effects of jamming also help to counter the effectiveness of ARM/PGM systems and supporting
ELINT systems. For example, decisions affecting ATR frequency selection, sidelobes, wave-
forms, system flexibility, complementary equipment and system integration, and passive search
and track benefit both ECCM and anti-weapons capabilities. However, choices of power-
aperture product and signal processing for data displays can be antithetical to simultaneously
achieving these two capabilities. It is therefore necessary that both requirements be considered
in concert when selecting the ATR design characteristics.

Operating Frequency

The selection of operating frequency is strongly influenced by the mobility and
transportability requirements of a truly tactical system. The other considerations are perfor-
mance related - namely detection and tracking in a clutter and ECM environment. A more
complete discussion of the rationale for operating frequency selection is found in Section 3.2.

Antenna Sidelobe Levels

Some types of jamming (stand-off jammers and some forms of deception jammers,
such as sidelobe repeaters) will be critically dependent on the receiving or transmitting
antenna sidelobe patterns of the ATR to be effective. In addition, ELINT locating systems
and ARM guidance systems will, to a great extent, be dependent on the energy transmitted
via the ATR antenna's sidelobes. Therefore, both transmit and receive sidelobes of the ATR
should be as low as practical, e.g., < -30 dB in the elevation cardinal plane, < -50 dB in the
intercardinal regions and azimuth cardinal plane.

Multi-Dimensional Resolution

High resolution in range, angle, and radial velocity should be provided by the ATR
to reduce the effects of clutter and to facilitate automatic target track initiation/maintenance.
Track data will be useful in the elimination of some forms of spoofing but more importantly,
will be required for threat identification/evaluation processes and to provide a residual control
capability at the ATR site in the event of operation center loss. The use of polarization con-
trol on transmit and receive shows promise for suppressing clutter and jamming and possibly
facilitating classification and identification of hostile threat targets. Provisions for polarization
control in the ATR should therefore be considered.
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Power-Aperture Product

In the ATR versus jammer encounter a large radar power-aperture product is most
desirable. In the ATR versus ARM encounter, the lower the radar peak power radiated, the
more difficult it will be for ELINT targeting and the ARM's acquisition system to lock-on to
the ATR at a long stand-off range. Therefore, only that level of peak and average power
should be provided that insures the required detection of non-jamming, mutually-screened
targets. It is also desirable that the ATR have the ability to actively detect self-screening
targets (by employing a burn-thru mode at the possible sacrifice of coverage) at critical
moments of encounters.

Displays

Although ATR operations must be largely automatic due to short reaction times,
it should be recognized that an experienced human operator could contribute greatly to the
successful outcome of any hostile engagement. Automatic operation infers the need for CFAR
processing to discriminate against undesired signals such as clutter and jamming. Unfortunately,
CFAR processes generally subserviate the probability of target detection in deference to the
maintenance of CFAR. Consequently, it is recommended that the ATR incorporate both
CFAR and non-CFAR processing with appropriate displays for an operator to view. These
displays should permit the operator to determine the extent of ATR surveillance degradation
resulting from jamming, determine the source and various kinds of jamming present, and report
his appraisal of the situation with operational recommendations to the appropriate C2 compo-
nents of the TACS.

Waveform Design

A countermeasure that is very effective in providing the ATR with good ECCM and
anti-ARM capability is a broad signal bandwidth waveform having low amplitude or peak
power. Such a waveform will have a low probability of intercept (LPI), especially in a
multi-emitter environment. The broad signal bandwidth effectiveness is due to the increased
range (time) resolution. A waveform having a signal bandwidth of at least 10 MHz should
be used with the ATR to reduce the radar range resolution cell (and therefore the clutter/
jamming intake) to the range extent of typical airborne targets (approximately 50 feet).
Phase coding/pulse compression is recommended to achieve the required target detection with
a long (277 psec), low amplitude (50 kW peak) transmitted pulse waveform. The use of the
long pulse with a purposely degraded rise time will insure the existence of multi-path inter-
ference, thereby decreasing ARM accuracy. To insure that jamming sources and ARM guidance
receivers are forced into broadband operating modes, the ATR waveforn should also have the
capability of pulse-to-pulse frequency agility over as wide a portion of the operating band as
practical. In addition, to insure that the ATR waveform is difficult to anticip,-te and repeat
it should have coding, PRF and pulsewidth agility.
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System Flexibility

The TACS must be able to respond to theater specific requirements which demand
deployment of various numbers and types of sensors and interconnections. Additionally, the
TACS must be capable of functioning autonomously by performing the functions of identifi-
cation, GCI, air traffic regulation, etc. This requires the ATR to have its own track computer
for storing and exchanging track information with other ATRs as well as for reporting all
tracks to TACS operation centers. These operations centers will be the primary C3 elements
and may, or may not have ATRs co-located with them. Autonomous control capability will
exist at each ATR as a backup mode in the event of loss of one or more operations centers.
As such, each ATR site must be able to communicate with aircraft. This communication may
include both voice and data which would provide the capability of transferring the air situation
display to the aircraft computer. The number of ATRs associated with each operations center
as well as all TACS operations centers will be netted with each other.

The ability of a stand-alone ATR to provide undegraded surveillance in the ECM
environment postulated and guaranteed survivability against the ARM/PGM threat can most
probably be categorized as wishful thinking. More realistically, the total sensor net of the
TACS (including ATRs, short-range gap fillers and the E-3A AWACS) and other available
theater resources (such as the Army Air Defense System) will be required to provide effective
surveillance, control and survivability. Thus, the ATR design should be sufficiently flexible
to accommodate theater specific requirements which may include: (1) bi-static or multi-
static operations, (2) all altitude gap filler operations, and (3) spoofing and/or decoy operations.
All of these operational modes would be in addition to the ATRs normal mode of long-range
monostatic surveillance.

Complementary Equipment and System Integration

TACS/ATR survivability in the projected threat environment necessitates a real-time
coordinated response that can only be achieved through the integration of complementary
active and passive sensors, ESM, passive defense measures, hard-kill weapons, and command
and control elements.

It is postulated that the combined resources of the future TACS including the
weapons systems under its control, will be required to effectively c"'inter the projected ARM
threat. Furthermore, critical reaction time considerations will mandate real time threat data
processing and control of all available countermeas'tres

A suggested preliminary solution to the problem of countering the ARM entails a
three-step approach:

a) ARM detection and identification

b) Threat Assessment

c) Application/control of countermeasure(s)

2-9

• .,,,,-L, , '



In order to apply the most effective countermeasures, the ARM weapon system
(preferably the missile's launch platform) must be detected and identified at the earliest
opportunity in an engagement (preferably the pre-launch phase). The process will be difficult
due to the projected long stand-off range capability and the variety of ARMs and guidance
techniques that could be encountered. Effective countermeasures for one type of ARM
system may not be effective against another type and, in fact, may inadvertently enhance the
other type of ARMs capability. Therefore, it is extremely important to correctly identify all
ARMs and types that are involved in an engagement and to assess the composite threat that
is presented. In solving this problem it is postulated that a number of sensors (active/passive)
and processing algorithms must be employed to formulate the composite threat picture by
direct identification or a process of elimination. The sorting parameters for this process can
be provided by ATR target track information, passive sensors detections and identification of
hostile RF, IR and laser emissions, real time and "a priori" tactical intelligence information
inputs from other TACS C2 centers, and threat flight profiles and tactics information. After
a positive or probable threat identification and situation assessment is made, the most effective
countermeasure(s) available in the TACS can be selected. The countermeasure resources avail-
able could include special modes of ATR operation, ESM transmissions for ARM seeker angle
deception and/or noise jamming, IR and E/O countermeasures, and hard kill defense weaponry.

Passive Search and Track

Although jamming identification and passive angle track (jam strobes) will be pro-
vided in the ATR, this capability is normally limited to the situation where the radar finds
itself unable to operate normally (skin track). A more 'general capability is recomm, nded for
the ATR by tuning to hostile RF emissions and tracking them passively for threat evaluation
and direction of responsive friendly weapons systems. In addition, passive IR and E/O sensors
are also recommended to be employed at the ATR site.

The ATR can also be employed as a passive jammer locator. For this application
two or more ATRs, deployed along a suitable baseline,.can locate a jamming source by multi-
lateration. In a multiple jammer environment coi'relation techniques must be employed to
eliminate spurious responses or "ghosts." Sampling would be employed to minimize the total
channel bandwidth between ATRs. A separate study would indicate the extra equipment needed
to provide passive jammer location.

System ECCM Management

An effective ECCM/anti-ARM capability can only result from the judicious selection
of ATR parameters, operating modes and processing techniques to evaluate and counter the
threat in a near real-time situation. It is not sufficient to simply minimize the effects of
jamming if at the same time unacceptable target detection or tracking performance is incurred.
This situation could very easily result in destruction of the ATR by ARMs/PGMs.
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The ATR should therefore exhibit flexible operational capabilities that can be
advantageously applied in response to ECM analysis and threat evaluation. An example of
flexible parameters to be incorporated include polarization control, pulsewidth, pulse code,
prf, and frequency. Modes to be co-,idered include bum-through, search, 'track, decoy/spoof,
bi-static. Processing techniques include CFAR, non-CFAR, polarization, MTI, and non-MTI.

Control of the ATR's parameters, modes and processing techniques should, to a
great extent, be automatic and adaptive. An ECCM operator could be employed advantage-
ously, however, in analyzing the threat situation and providing assistance in optimum ECCM
selection for those situations when unlikely combinations of ECM are encountered.

Data Links

The vulnerability of the data links between the ATR and the TACS C2 operations.
centers compromises the ATRs function. These data links will, most assuredly, be assaulted
by ECM. Redundant communication means should therefore be considered. Certain deploy-
ments could utilize fiber-optic links between radars and operation centers.

Covert Operation

The ATR design should be such that it is less vulnerable to signal exploitation.
Techniques employing wideband digitally coded transmissions at low peak power should be
adopted so that less useable information is supplied to expioitation receivers at long-range.
Multi-static operations and spoofing operations should also be considered to confuse enemy
ELINT systems.
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2.3.2 OPERATIONAL REQUIREMENTS IMPACT ON RADAR DESIGN

The baseline A TR design requirements/goals are derived from the future TACS
operational/configurational requirements.

The baseline ATR design requirements/goals and technical implementation parameters,
Tables I and 11, were derived from the TACS mission and operational/configurational require-
ments. The TACS operational requirements consist of those factors which relate to meeting the
mission requirements after the TACS is in place, and the configurational requirements are those
requirements which relate to the system logistics problem.

Preliminary environmental requirements, which have been compiled from relevant
military specifications for tactical systems and modulated by our own best judgement, are
found in Table Ill.

Table . TACS Operational Requirements/ATR Design Requirements

TACS Operational Requirement ATR Design Requirement/Goal

1. Air Surveillance Coverage Required function - Normal Monostatic
Surveillance Mode (Automatic search/detection,

All theater, all weather (typical theater track, ARM threat warning (ARM alarml )
200 nmi x 250 nmi)

Threat Environment - ECM, ESM, ARM, Surveillance Coverage
PGM, etc.

Azimuth: 36ff
Target Environment-hostile and friendly
aircraft, helicopters, missiles, RPVs. Range. 200 nmi (Benign Environment)

100 nmi (ECM Environment)
System Track - 5000 targets

Elevation: -10 to +200 search
Raid Size - 2500 targets -1 ° to +60' track

+30 to +900 ARM alarm

Attack Corridor - 10 to 20 nri wide

Altitude: 200 ft to 100 kft

Data Rate: o< 10 sec search
2 sec* track

< 3 sec ARM Alarm

Target Resolution

Range: 30-50 ft (for coarse raid size
determination$

Angle: Required values determined by clutter
models and signal/clutter processor

implementation

*Precise rate determined by target maneuvers, crossing tracks and tracker implementation.
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Table . TACS Operational RequirementAs/4 TR Design Requirements (Continued)

TACS Operational Requirement ATR Design Requirement/Goal
Target Resolution (Continued)

1. Air Surveillance Coverage (Continued) Radial Velocity: Required values determined by
clutter models and signal/clutter
processor implementation

Target Position
Accuracy: Required values determined by

tracker implementation and inter-
ceptor requirements.

Radar Site Surveillance Capability

Track File
C.pacity: 1000 tracks

Local Tracks: 200 tracks

Raid Size: 500 targets

Jammer
Location: 50 jammers

2. Identification Required Function -- ID measurement mode to support
Theater-Wide Unified Aircraft ID System (TWUAIDS)

IFFN all targets in the theater
Probability of Correct ID approaching 0.99

All weather, day/night threa ,vironment

Time Required for ID < 10 sec after target
IFFN - 5000 targets/ti icks detection/designation

Level of ID - IFFN, target type, probable mission

Implementation

External Systems: JTIDS
Improved Beacon System
Flight Plan Data Base

Internal Systems: Flight Plan/Track Matching
Non-cooperative signature tech-

nique via polarization and
spectral analysis

Radar Site ID Capability

ID Capacity: 200 targets/tracks
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Table l. TACS Operational Requirements/ATR Design Requirements (Continued)

TACS Upe,.ational Requirement ATR Design Requirement/Goal

3. Graceful Degradation Required Functions -

Maintain Acceptable Air Surveillance/ Back-up Op Mode: Autonomous threat warning,

Identification in threat environment GCI, Air traffic regulation, etc.

Bistatic Op Mode: Passive receive only

Spoofing/Decoy Op
Mode: Transmit only

Burn-through Mode: Selected targets

Physical Survivability -

Hardened Antenna: Advanced composites and

lightweight armor

Critical Component
Redundancy: Antenna, transmitter, receiver,

processor

High Mobility: Tracked/wheeled armored
vehicle sensor plattorm

Functional Survivability

ECM Rejection: --50 d13 antenna sidelobes
Polarization agility/processing

CFAR/non-CFAR processing
10 M'z signal bandwidth

Frequency, pulsewidth, pulse
code, PRF agility

Chaff/Clutter
Rejection: Adaptive signal/clutter

proces=,ng

ESM/ARM Denial: Low probability of RF/I r 'rQ

Intercept

* 50 kW peak pulse
* 277 usec pulsewidth

4. Air Transportability Number of Flights for
Transport Aircraft C-130, C-141, C-SA ATR and Related

Equipment < 3
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Table L TACS Operational Requirements/ATR Design Requirements (Continued)

TACS Operational Requirement ATR Design Requirement/Goal

5. High Mobility ATR Vehicle

All terrain Type. Tracked/wheeled Armored vehicle

Number Required: 3

Speed: ; 40 mph

ATR Set Up Time: ( 15 minutes/3 men

ATR Tear Down
Time: 5 minutes/3 men

6. Flexibility Desired ATR Operational Modes-

Modularity to accommodate theater LR Monostatic Surveillance 3600 or
specific requirements Sector Operation

LR ID Measurement
SR to MR Gap Filler
Autonomous Control
Bistatic/Multistatic
ECM-jamming, poofing, decoying
Passive jammer location

Min. ATR Site Modules -

Sensors: 2 identical modules (each cap-
able of providing 1800 azimuth
coverage)

Prime Power/Ops
Center: 1 module (provide autonomous

site control as back-up)

Comm: G-A: JTIDS data link with voice
back-up

Ground - digital link plus
backup to neighboring radar
sites and Op Centers

Fiber optic links intrasite

Augmented ATR Site Capability -

Incremental module additions will increase physical
and functional survivability and permit simultaneous
multi-modal operations.
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Table L TACS Operational Requirements/ATR Design Requirements (Continued)

TACS Operational Requirement ATR Design Requirement/Goal

7. Growth Potential ATR Site Modules defined above under Flexibility

Functional Modularity Within ATR Define functional modules for:
Site Modules

Sensor antenna
Capability to add new/improved site Sensor receivers
modules or functional modules within Sensor processors - signal, data, data base
site modules. Prime power

Communication

Devise flexible ATR site intraconnect subsystem

8. Supportability ATR Unit Cost: < $8M

Cost effective 15 year LCC Personnel Required: 3 level 1

Reliability: ; 2000 hour MTBF

Maintainability 30 min MTTR

Prime Power: < 100 kW
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Table !!. Baseline A TR Technical Parameters

1. Frequency S or C-Band

Frequency Agility Bandwidth > 400 MHz

Signal Bandwidth ; 13.3 MHz

2. Power

Peak RF Pulse < 50 kW
Average RF < 5 kW/Antenna Face

20 kW - 4 Faces

Prime Transmitter 70 kW (> 25% efficiency)

Auxiliary 30 kW

Total Power < 100 kW

Mechanical Power 170 HP (80% efficiency)

3. Antenna

Type 4 Face Planar Array (2 Faces/Vehicle)

Aperture Size 160 ft. 2 (15m 2) each face

Bandwidth > 400 MHz

Data Rate < 10 sec for 3600 azimuth search
< 2 sec for precision track

Pattern Boresight beam 1.160 az X 1.050 el
< -50 dB sidelobes inter cardinal and azimuth cardinal
< -30 dB Elevation cardinal

4. Signal Processing and Waveform Ground Clutter
Rain and Chaff
Barrage Jamming (Jam Strobe and Jam Location)
LPI
Non-cooperative Target Recognition

5. ECCM Capability < 3 dB Loss in Detection Range in heavy ECM

6. Polarization Agile transmit, receive/processing

7. Track Computer Modular architecture-hardware/software

8. Platform Tracked/Wheeled Armored Vehicles
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Table Il. Preliminary Environmental Requirements

Condition Requirement

Temperature Operating -60 to +1550 F
(+ Solar Radiation)

Temperature Nonoperating -70 to +155F

Relative Humidity 100%

Winds 45 knots - operation
45-60 knots - operation with reduced performance
75 knots - survive, nonoperating

Ice Normal operation with 1/3 in. thickness

Water Tightness Spraytight, rain at 5 in./hr and
wind velocity at 40 mph

Vibration (Transport 5-25 Hz per MIL-STD-167 Type 1
Configuration)

Shock (Transport Drop Tests and Railroad Hump Tests
Configuration)

Setup Time 3 men < 15 min

Time Take Down 3 men < 5 min
for Transport

2-19

AC



Section 3

BASELINE SYSTEM DESCRIPTION AND PERFORMANCE

3.1 Advanced Tactical Radar (ATR) Baseline Configuration
3.2 Selection of Operating Frequency
3.3 Summary Description
3.4 Baseline Performance

3.4.1 System Parameters and Overall Performance
(Benign Environment)

3.4.2 System Performance (ECM and Clutter)
3.4.3 Angle Measurement Accuracy
3.4.4 Radar Signatures
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3. BASELINE SYSTEM DESCRIPTION AND PERFORMANCE

3.1 ADVANCED TACTICAL RADAR (ATR) BASELINE CONFIGURATION

A single design multi-mode radar which can be assigned to pe.fform the large
volume search, the limited volume multiple track, or both functions is selected as the most
feasible approach for the new forward area sensor's baseline configuration.

The baseline configuration selected as most feasible for the new forward area sensor
is shown in Figure A. The configuration comprises three self-propelled vehicles, two of which
contain identical multi-mode (search, track, identification) Radar Components (RC) each capable
of providing surveillance in two 90 degree azimuth sectors (180 degree maximum per RC),
while the third vehicle contains the prime power source(s) for the two RC's, a portion of
the data/message processing, and the timing and control functions.

The principal functions to be performed by this new forward area sensor include:
1) hemispheric search (through 3600 in azimuth and from 00 to 90' in elevation) at the
conventional rate in the presence of heavy clutter and ECM; 2) tracking of multiple
maneuvering friendly, enemy and neutral targets operating at any altitude over large coverage
areas; 3) non-cooperative identification friend, foe, or neutral (IFFN) target classification
with further classification as to target type, stores and probable missions if this can be
achieved thorugh the use of polarization agile transmissions/processing.

The design approach selected for the multi-mode ATR includes optimum predetection
processing, waveform agility, and phased array techniques for time and spatial energy menagement
ment. Consequently, the functional survivability of the sensor's baseline configuration selected
is high and provides for graceful degradation. In a normal deployment, hemispheric surveillance
coverage is provided by two RCs oriented as shown in Figure A, with each RC performing
the functions of search, track and identificatin over separate but complementary 180 degree
azimuth sectors. This sensor configuration will also accommodate certain constrained deploy-
ments (e.g., in Central Europe) where hemispheric coverage from a single site may not be
permitted due to terrain. In this situation, by simply reorienting the two RCs and by adjust-
ing the angle between the two antenna faces of each RC, four 90 degree azimuth coverage
sectors can be independently directed to obtain the maximum coverage permitted by the
terrain. The selected configuration's coverage flexibility also insures a measure of operational
survivability by permitting RC deployments on the slopes or at the bases of camouflaging
or protective hills rather than on hill crests. If other terrain permits, 300 degrees of azimuthal
coverage could be provided by the two RCs, one located on either side of the hill with each
RC providing 180 degree surveillance coverage in complementary azimuthal directions to one
another.

For those situations where the magnitude of air operations over a particular region
demands surveillance and identification of large numbers of targets, sufficient time may not
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be available for the ATR to perform both the search and track functions at the required
rates. To accommodate these situations the two RCs and their four antenna faces can be
oriented such that their coverages overlap providing increased data rates for selected
regions. For example, with proper vehicle and antenna face orientations each of the two
RCs could provide: 1) two 90-degree sectors directed such that all four 90-degree sectors
of the two RCs overlap one another through 45 degrees; 2) two 90-degree sectors directed
such that all four 90-degree sectors of the two RCs overlap one another through 90 degrees
(completely). In example I above, total azimuthal coverage of 270 degrees can be provided,
as shown in Figure B. Additionally, with search (S) and track (T) function assignments as
shown in the figure, RC-2 will have its search function halved in the direction of the FEBA
and consequently will have more time available to perform the required multiple target track
function. Conversely, RC-I will have its track load halved (assuming uniform distribution of
targets) in the direction of the FEBA allowing more time to perform the required search
function. To provide a full 360-degree coverage in this situation a third RC (RC-3) could
be deployed to provide surveillance coverage in sectors 4 and 8 (i.e., two 45-degree sectors).
The search and track functions that RC-3 would be required to perform are half the normal
functions (90-degree vs 180-degree); consequently, sufficient time should be available to
execute both at the required rates. In example 2 above more time is made available to
accommodate surveillance of a still larger number of targets. However, to effect 360 degrees
of coverage, two additional radar components (RC-3 and RC-4) would have to be deployed.
It is also of interest to note that when two RCs are deployed to provide completely over-
lapping coverage, as in example 2, one of them could be used as a normal monostatic radar
and the other could be used as a bi-static, receive only radar. It should also be noted,
however, that such use of the ATRs would do nothing to alleviate the time problem created
by heavy target loads.

The effectiveness of utilizing a limited volume outer search fence with a large
enclosed volume multiple target tracking capability was considered as another possible way
of alleviating the time problem, However, implementation of this type of scan usually
implies the utilization of multiple beams per antenna face with the corresponding requirement
for multiple receiver/processor channels. Due to constraints associated with the transmitter
and polarization agile transmissions/processing a single beam per antenna face has been selected

* as the most feasible approach.
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Figure B. 2700 of azimuth coperage can be provided through proper orientation of two RCs.

3-5

mom,



3.2 SELECTION OF OPERATING FREQUENCY

The choice of C-Band as the operating frequency meets the system requirements
for the A TR in performing its mission.

For a relatively long range multi-function radar the choice of operating frequency
would most likely fall into the LSC or X bands. The individual functions which are
combined in one radar as described in the baseline system are:

* Search
* Track
0 Threat Assessment

For individual radars which perform a single one of these functions different bands are
suggested. Surveillance systems which have as their primary mission detection of targets at
long range would favor the lowest operating frequencies. A tracking radar by definition

would receive location information from some other sensor and "'know where to look". Tile
requirements for tracking would include narrow beam widths for best possible resolution and
accuracy on the target location before being further improved by the action of the tracker.
Good resolution is also important in discriminating between single and multiple targets so
that the tracker can act accordingly. The tracking radar, therefore, would normally employ
a higher operating frequency than the search radar. The function of threat assessment. that
is, target classification and identification, is performed by producing tile best possible image
of the target. While range resolution is important it is more easily obtained than angular
resolution which is inversely proportional to operating frequency. The threat assessment
function, therefore, suggests the highest operating frequency of the three.

While the choice of a single multi-function radar operating in one frequency band
does not optimize performance for all the functions, the single radar can be designed to
meet the requirements for the ATR mission. It may be shown that three or even two
separate radars are not supportable in the rapidly moving battle field environment.
Configurational requirements for the future TACS dictate that all TACS elements (both
sensors and operations centers) must be highly mobile over all terrain. Tactical mobility
is needed to complicate the enemy's reconnaissance, surveillance and targeting problems and
thereby enhance system survivability. Two or even three radars performing the ATR functioi:
would* be at a serious disadvantage in compromising TACS mobility, logistics supportability,
and would be ineffective in combining tile separate inputs. The single multi-function sensor
described later in this report does not possess these disadvantages and can be shown to
separately and collectively meet the requirements for the dree separate functions.

When one considers the ATR operational requirement for long-range surveillance
in a high density clutter environment (chaff, rain, ground). the basic operating frequency
bands that should be considered are the S- and C-Bands. Lower frequency band radars
would be too large to comply simultaneously with the requirement for resolution and
tactical mobility, while higher frequency band radars would not be able to provide the
required long-range surveillance in clutter, especially rain. Some general considerations for
selection of operating frequency are given in Table 1.
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Table I. Basic Consideration in Frequenc, Selection

Higher Frequency Lower Frequency

Better Resolution MTI More Effective

Angular Less Sensitive to Precipitation

Doppler Greater Size and Weight for same Resolution

Superior Accuracy Limited Absolute Bandwidth

Chaff Backscatter Lower

Low Altitude Detection Easier

Multipath Resistant
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('-Band is preferred over S-Band .1 ir to the greater angular resolution prov'ided by
tile mobility-constrained ATR antenna apertutre. Greater angular resolution is advantageous
Ii detecting thle existence of closely ,paced tlirgels. assisting inl thle identification of
non1-cooperatiVe 3ircraftinrissiles. andl il tile detction l 0n Ioli-janlining targets being
accominpan ied by escort screening Jamnmers. S-Band desions will have Ii general, lower
transmiissionl losses and hence Canl operate with red uced power aporture products.

File choi c of C-Band was madle with mobility as ani absolute constraint. The
requirements for transportability inl various military airc-raft lso) mobility Ii thle US and
foreign count ries. dictate requirements that are sew re inl t ernis of' physical envelope and
ease of' deploym~ent. After thle fo0ur1 faced phaI.sedL array conl fiur tl I onl was selected thle
decision had ito be miade as ito thle deploy mcii of each face onl available vehlicles. It was
decided that a Single face per veli ide. necessit at ing 5 vehicles for t(lie ATR. would bie
unattractive. Thle baseline Con figuira tion wvithI two fa ,cs p~er vehicle imposes dimtienisional
requirements onl thle apertuire.....te sudv'inu the AIFR mission and derig systeml
requirements it is felt that these apertunre si/es represent thle iimumIIII perform~ance
parameters that can be allowed. III ot her words, tile resolutionl andl accuracy arff"ored by a
C-band s\stem with these antennam si/es is at thle hlmit of thle s\stenI r para111inet s. An1
S-t'and systemIl Wvilli thle samite phyIsical Confi)"11rraiOu \\111 ould ' , fer from affOrdurwI Worse
resolution and accuracy c:apability

A pretinrinarv\ conrp).irisonl betlween S an1d C-Banld r'adarS haS beenl Made anld thle
results are: suurmari/ed in) [able HI. Thle major, differences between thle tw\o radars arc.

a) [hll. S-Band radar requires -7 \eclwes while tire C-Band requires only
w cics,~ a moIst importan1lt tiaracrist ic whten consideringo battlefid usage.

) IUhe (-Banld radar bekcomes raligo limited dute to attenuation A a rainl rate
t .ipproiiiatel\ 4 mu Ili ow r 25 percent of the paitt.

It does. not1 appear.1 likely. that tice S-Band ra1dar caIl be decreased Inl si/c without
significantly affecting pertformianice withI respect ito niaxnium ranige, height acc-uracy and
performance inl an LCNI environmllent. Onl t ile othter handt tile C-Band radar mlay bec abile
to bec deployed fin a more favorable location t dtie to its smaller suec) t hereby somlewhat
decreasing~ its mainrI lnge reqiirenrient.

Manly other fac:tors imust bie considered bet'ore one can recommrend onte band
over (lic other, huit it appears that ttic t -Hand radar ma\ tic able to offer sce ral
operational advantages. Othter fact ors Mith t may taw r S-Band relate to thle state-of-the-art
of solid State mlicrowave power generIation at ( -Bamnd wtichl is not as far advanlced as at
S-Band. Since thle S-Baud tech iologv stat iii is bectter known. tile efforts Ii t his study were
directed at C-Waind inl orderl Ito pro~ ide a more accmnate basis for final recoinmendat ion
betweenl thle two bands. A. iorecr errse cornPaiisorr will bie madle bet weenl S- and
(-Band as a result of tite S Band tactical "irtrr 11sid\ currly1 inl prog~ress ait
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Table II. Comparison Table fior (,-Band A S-Band Radars

Clear Rain Favore,'
Weather (4 MM/HR) Band

S C S C S C

*0 Required Number of Vehicles 5 3 5 3

*0 Range Margin dt
175 Miles 0 dB 0 dB - 0.06 dBS -1.92 dB
100 Miles 2.9 dB 2.87 d8 2.86 dB 1.77 dB

* Requited Trarrsniittet Power 0 dB 1.57 LIB 0 06B 1.57 dB

* Two Way Aiihennrr Gain 0 d6 0 dB 0 dB 0 d13

0 Height Accow"c
175 Miles 3.38 Ofr 2.54 ktt 3.39 ktt 2.77 ktV
100 Miles 1.62 ktt 1 kft 1.63 k~l 1.08 kft

*0 Required Noise 11ai1111r Pow~er 0 dB 4 26 dB 0 35 LIB 5.36 dB
or Equal J S Ratio 

0 d* Chaff Backscatter to Targ'et Ratio 3.86 LiR 0 06s 3 83 6 06

AtIm SignaltuLre -0.2 dB 0 06B 0 o37 dB -0.55 dB
Elinrt Receiver Signature -0.4 L11: 0 d6 -0.75 d6 -1.1 LIB

Notes.

1) Symbol * rrdrcajteSq signficantjj pti forIrrance tfifrrc
2) Desin bae'd 011 A) Equil clexi \Veather r ang e per00f1r1,111ri1' at 1 75 11)le'.1 Bi Equal antenna 9,ain (dB61

C) Equall search0 tinreV
DI 10'o dutY faCtOr

311 Ramn e\terrt assiricr11i over Y5'. Of path nt
41 Assu me cli ait %verti i s cor 1st art



3.3 SUMMARY DESCRIPTION

The primary output of the A TR is a summary of all target tracks within the local
surv~eillance v'olume which are also available for centralized operation center usage.

The baseline radar design includes the following subs\,stems.

0 Four Polarization Agile Antenna Arra\'s withi Distributed Solid State
Ttansm itter and Independent Polarization Agile Receivers

F -our Signal and Data Processors (one for eachi Antenna \rra\-)

*One lData 'Message Processor, Tii'iing and Control 11nd Syn'thesizer Unlit

* One Display.

* One Primar\y Power Supply

(,0' to 90' ARMI Alarmn Senisor (Top (.overage)

T hree vehicles

The antenna vehicles two pc r radar) each carry two an tenn a f aces prov iding a totall
ot 1800 azimutth coverage. F achi antenna vehicle lst) carries the tw\o corresponding signal and
data processors. The third veh ic'iC carries thie displa- (cab monited), the primnary pow\er
sulpply, the data miessage processor, the timning and contrlol, an1d thle s\Intltesiler unit1.

F ach antenna face c,,wers a 0 deiglree aiiluth sct or thle cc ter of which is
adjulst able mlechianicall\y. [hle basic dcv at ionl search-1 cove rage is uq) to 20 deCkrees.- \0ith
additiona coverage to o0 degrees for Frack and A RM Alarim. 10 to Q0 degree c overage f or
ARM ALarin is achlieved wkithl a separae antelna anld equipmencit.

F ach Lace operates w\ithi a singl elect ron icall\ ,terect i w Ouch can he
illdepcndeii1tlv COded. It is desiradble to transmlit trom11 local taceTs Si1iiiu~la11C~ks\ to reduice
the possibilitN oft imutual interference. Fach beami canl also be OteeredL to pro\ ide ran1doil

*access coverakC Of thle surveiillce vo11lue.

lDnring a seajrchi framec period (approx itna ely 8 secon Its w01th nok tine t ariet tracks)
all detected targets withinl thle search volume can be tracked If' lutiemr datat rates or increased
acen rac\, is desired then selected targets cain he trackeId inl aj fine inilc nieasu remett or burn
thl1 ruin ode. n 1 tairgets per It) seconi 15Pcer antenna faice can be iiiasu red in t his miode wh ile

maintaining a basic searchi period oft 1 0 seconds. Fill s corresporids to anl a~etage of 25 targets
per A ER at a 2' second rate.

[Hie large amtenna aperture 12- feet wvide b\ I.3.3 feet hligh1) prlosideOs a Ii igh degree
of' angtit or resolution I . 1 o" a/b I,\ 1.05~' ell andL accuracy . Additionall\ the large aiperture
permiits the range aiid data ate1 r~leqreents to b~e achieved w\ith a totall average tranlsmlitter
power oft 20 Kilowatts.
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A simplified block diagram of the baseline design is presented in the Figure. The
diagram basically includes the equipment for one face plus that located on the prime power
carrying vehicle.

Search Mode

Referring to FP.gure A, an independently coded waveform is transmitted
simultaneously by each of the four antenna faces in beam directions selected by the corres-
ponding elevation and azimuth beam switching networks. The coded waveform will normally
be a phase coded pulse with a duration of 277 microseconds and a coded bit width of 75
nanoseconds. A constant pulse repetition period of 2.77 milliseconds is normally employed
resulting in a waveform duty factor of 0. 1. Higher pulse rates (up to 4 or 8 times the
nominal pulse repetition rate) can be selected to obtain improved performance in rain, chaff,
ground clutter, or to improve doppler resolution. The higher pulse rates are transmitted at
the same waveform duty factor of 0. 1 since the distributed solid state amplifier is peak and
average power limited. Thus the higher pulse rates will be transmitted with correspondingly
shorter pulse widths and respectively lower correlation gains (fewer bits per pulse.).

The basic search volume is from 0 to 20 degrees in elevation and 360 degrees in
azimuth. This volume is nominally searched in 8 seconds with each array face covering a
90 degree azimuth sector. Each array face can also be programmed to track up to 60 degrees
in elevation primarily for the purpose of maintaining surveillance against ARM threats which
havc penetrated the basic search volume. At elevation angles between 60 and 90 degrees
elevation ARM surveillance is achieved by a separate ARM Alarm sensor. It is anticipated
that the design of this sensor would be derived from the current Air Force ARM Alarm
program and would be an all solid state range rate radar operafing in the UHF region. It is
estimated that an average transmitter power of less than I kilowatt would be adequate to
obtain the desired performance with an effective antenna area of approximately I square
meter. No new technology is anticipated in implementing this sensor.

The transmitted beam from each face is optimally polarized via file transmitter
polarization network. An independent and optimum receiver polarization value can also be
selected. This versatility is expected to provide significant improvement in performance in
rain, chaff, against ARMs and in the reduction of stand-off-jamming interference. It is also
expected to aid significantly in the potential non-cooperative identification of targets.

The antenna beamnwidth (transmit and receive) normial to each array face is 1.16
degrees in azimuth by 1.05 degrees in elevation. The beamnwidth widens as tile inverse cosine
of the scan angle due to the geometric reduction of the effective aperture. The total available
effective aperture is utilized for scan over the full azimuth angle and up to 5.5 degrees in
elevation. Constant probability of detection is maintained over this search volume by
adjusting the number of hits per beam direction between values of I and 6. The lower
elevation beam angles will normally require multiple hits due to higher atmospheric losses
and MTI implementation for reduction of ground clutter. At elevation scan angles between
5.5 and 20 degrees the elevation beamnwidth is increased to allow for approximately I hit
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while maintaining a constant probability of detection at 45 degrees azimuth in accordance
with the required range/elevation coverage contour.

Extremely low transmit antenna sidelobes are achieved by utilizing a heavy amplitude

taper in the distributed solid state transmitter and the elevation and horizontal Rotman lenses.
The low receiver sidelobes are obtained by amplitude taper in the receiver Rotman lenses. The
transmit/receive tapers (>30 dB) result in sidelobes which are down >50 dB in the azimuth
and intercardinal plane and >30 dB in the elevition cardinal plane. This low sidelobe level
provides significant performance improvement with respect to intercept probability, jamming
susceptibility and ARM vulnerability.

I
In the search mode each detected target is measured and catalogued with respect to

range and angle. The range resolution is approximately 38 feet and range accuracies comparable
to this value or better can be obtained if desired. The coarse angle measurement is made in
the search mode by recording the target return amplitude at each beam position in the
vicinity of the target. The two orthogonal optimum sets of beam measurements can then be
used to estimate the true target direction. The optimum set can be selected based upon
signal level. Alternatively all amplitude measurements in the vicinity of the target can be
used, with proper weighting, for the angle measurement. This would result in slightly improved
accuracy since additional and independent data would be applied to the angle estimation.

The search mode thus provides a track-while-scan capability for all detected targets

within the basic search volume at a data sampling rate of 8 seconds (the search frame time).
These target tracks would be available locally for transmission to a centralized operation center
via a communication link.

High Data Rate/Fine Angular Measurement Track Mode

In a high target density environment the 8 second data rate will be inadequate to

properly associate crossing or near crossing target tracks. This association is required in order
to maintain an accurate threat assessment and prevent target identification confusion. Higher
data rates will also be required for selected high priority targets. In addition, friendly inter-
ceptor vectoring, one of the major functions of the ATR, can be accomplished in a shorter
time with improved height data. This is because end game altitude changes will in general be
time consuming. It may be concluded that. under certain conditions that a higher data rate
and an improved angle measurement accuracy would result in significantly improved per-
formance. The baseline design can operate at appreciably higher data rates by virtue of its
electronic random access beam direction selection. Since the basic frame time is 8 seconds
and the maximum allowed frame time is 10 seconds, there is a 2 second residue which can be
used for fine angle measurement and tracking of high priority targets. On the average a fine
angle measurement can be made on 61 targets in this 2 second period while maintaining an
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overall search period of 10 seconds. Since these numbers apply to one antenna face the ATR
is capable of fine tracking 244 targets (four faces) in a 10 second period while maintaining
the basic volume search frame time of 10 seconds. Since the available 2 second margin can be
distributed throughout the 10 second frame time as desired, then higher track data rates can
be achieved if fewer targets are tracked. The number of targets that can be fine tracked at
various data rates while maintaining a 10 second search frame time is illustrated in the table
following.

Track Data Rate Capability

Quantity of Targets that
can be Fine Tracked Track Data Rate Search Data Rate

244 10 sec 10 sec
122 5 sec 10 sec
61 2.5 sec 10 sec
24 0.975 sec 10 sec

The optimum sequential lobing angular accuracy would be obtained when a target
is located midway between the beams used for the angle measurement (i.e.. at beam
crossover). Since the beams have fixed directions the target will in general not be located
at this optimum position. This is true in botn the search and the fine angle measurement
mode. The increased angle accurac% is, however, achieved in the fine angle measurement mode
by providing increased bean position resolution (a factor of two) in the azimuth direction.

This increased resolution allows the beams to be selected so that the target is
closer to thc optimum crossover position.

Other Modes

In addition to the modes described above tle ATR can operate adaptively to
enhance performance in chaff, rain, jamming, clutter or ARM threat environment. Protection
against the ARM threat by utilization of an advanced decoy design is currently being studied
by ITT Gilfillan under separate contract. Adaptive measures include the following techniques:

* Higher pulse rates to enhance doppler resolution.

* Polarization agility to enhance target return and/or to reduce clutter back
scatter. May also be used for target identification.

* Pulse-to-pulse frequency agility.

* Instantaneous wideband transmission to aid in target identification.

• Pulse width agility. Short pulses may be used for rapid short range
surveillance or to reduce range sidelobe interference in a dense target
environment.

(ode agility.
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* Long dwell time capability to "burn-thru" high priority directions if desired.

" Coherent netting for potential use in passive correllation location of radiating
sources. This.is an inherent capability of the phased array approach which can
be effected by adding equipment for many simultaneous receiver beams.

* Operation in a hostile environment is treated in detail in Section 4 of this
report.
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3.4 BASELINE PERFORMANCE
3.4.1 SYSTEM PARAMETERS AND OVERALL PERFORMANCE

(BENIGN ENVIRONMENT)

The baseline system has been designed to allow it to operate in a benign environment
while still being able to efficiently contend with the hostile TACS environment.

The pertinent system parameters and performance was initially determined in a
benign environment. The system design, of course, includes many sophisticated and advanced
techniques which are necessary to effectively contend with the predicted hostile environment.
In most cases the inclusion of these techniques does not affect operation in a benign environ-
ment and often are adaptive and, therefore, only used as needed. Several of th~e included
techniques, however, have a major influence on the system performance. The most notable of
these are the low sidelobe design and the utilization of polarization agility. The low sidelobe
design reduces the antenna effective aperture by as much as 6.4 dB. Additional line losses are
also incurred due to the low sidelobe design and the incorporation of polarization agility.
These addition~al losses amount to approximately 3 dB. The total pena'ty paid is, therefore,
on the order of 10 dB of additional power aperture product required in order to maintain
the same performance ir. a benign environment that would be obtained with a uniformn aper-
ture amplitude taper and a non-agile polarization capability. Although the cost of these tech-
niques is high (both in dB and $), they are deemed quite necessary in order to maintain
operational and functional survivability in a hostile environment.

The major parameters and system performance are presented in the Table 1.
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Table L Buseline System Parameters and Performance

Parameter Value Comments

Frequency Band 5.3 to 5.9 gigahertz Potentially available band

Antenna aperture size 12 ft wide by 13.3 ft high Maximum size for mobility

Number of antenna faces 4 4 faces required to achieve 3600 azimuth
per radar coverage. 3 faces resulted in excessive

aperture loss at wide scan angles

Basic coverage 0 to 200 elevation 3600 Basic coverage obtained from advanced
azimuth (can scan to tactical antenna requirements
600 elevation as required)

Auxiliary coverage Hemispherical to zenith Zenith coverage for ARM alarm obtained
(600 to 900 elevation) with separate UHF solid state sensor

Search time for basic 7.97 seconds Computed. Coarse angle measurement
coverage (no fine track) obtained in search

Scan technique Electronic switching Efficient random access increases track
capability

Beam-forming technique Rotman lenses Effective, small and relatively inexpensive

Transmitter type Solid state, distributed Graceful degradation, low loss

Average power per face 5 kilowatts Anticipated maximum based upon
primary power and solid state

Peak power per face 50 kilowatts considerations. Power is referred to
transmitter output

Number of beams per face One Provides adequate number of hits for
low angle MTI and minimizes number of

Number of search hits per One to six (function of required parallel receivers. Moderate
beam direction az, el angle) integration loss

Pulse repetition frequency 360.8 Hertz Unambiguous instrumented range of
IPRP = 2.772 milliseconds) 200 nautical miles

Pulsewidth 277.2 microseconds or less Improves LPI characteristics and

processing gain. Compatible with solid
state transmitter

Search bit width 75 nanoseconds (37.5 feet) Selection to match bit width to target
size (i.e., target range extent) and
provide adequate processing gain in rain
and chaff

Basic range coverage 50 miles, 200 el Requirement taken from tactical antenna
(PD 0.5, PFA = 10-6) 175 miles, 00 el to 5.50 el specification
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Table I. Baseline System Parameters and Performance (Continued)

Parameter Value Comments

Intercardinal and azimuth <-50 dB
cardinal sidelobes

Elevation cardinal sidelobes <-30 dB

Average number of fine 61 (244 per radar) Computed. 24 targets can be fine
target tracks per 10 seconds tracked at better than a 1 second
per face (assumes targets are data rate
uniformly distributed at
range of 175 miles over 0 to
5.50 elevation and t450

azimuth)

Maximum 2-way antenna >86 dB Consistent with sidelobe level and
gain (directivity) antenna size

Beam shape loss 1.43 dB

Area loss due to amplitude 6.4 dB Estimated losses
weighting

Transmitter line loss 3.2 dB

Receiver line loss 3 dB

Receiver noise figure 3 dB

s/n processing margin 3 dB Margin to be obtained over outer range
contour

Multiple hit integration Noncoherent Arbitrary conservative assumption

Target area 3 square meters Target cnaracteristics taken from
tactical antenna requirements

Target model Swerling i

Angle measurement Amplitude comparison Good accuracy in small time
technique with sequential lobing

Search beam step size 0.50 beamwidth in az Compromise between volume coverage
0.433' beamwidth in el and total search scan time

Track beam step size 0.25° az, 0.433' el Compromise between track accuracy
and equipment complexity

Track height accuracy 500 feet rms for one fine Nonfluctuating target
at 100 miles up to track measurement
5.50 elevation
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3.4.2 SYSTEM PERFORMANCE (ECM AND CLUTTER)

The baseline system design was initially achieved assuming a benign environment.

Having met the system requirements without ECM or clutter it was then necessary
to include the required techniques to obtain adequate performance in a realistic hostile
environment. This subject is treated in detail in the following section.

A summary of the system performance in clutter, rain, chaff and a jamming
environment is given in Table II.

TABLE II

System Performance Summary (ECM and Clutter)

Environment Level Technique Radar Range

Ground Clutter Conventional 3 Pulse Canceller 175 nmi

Rain 4mm/hr 8 Point FFT and 150 nmi
Circular Polarization

Chaff 10-m 2 /m3  Four Times PRF 150 nmi
(and folded (1600 Hz) Optimum
ground clutter) Transmit/Receive

Polarization, Near
Optimum Birnldal
Filter with 8 Pulse
Sequence

Barrage Stand-Off 19 kW/MHz None Special 82.5 nmi
Jammer (i.e. 3dB

reduced from
benign)
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3.4.3 ANGLE MEASUREMENT ACCURACY

dsg. A coarse and fine angle measurement capability has been included in the baseline

The coarse angle measurement is made as part of the normal search scan and
therefore does not add to the search frame time. In the fine angle measurement mode the
beam positioning resolution is improved by a factor of two in the azimuth plane which
results in an improved measurement accuracy in both the azimuth and elevation target
angles. The coarse (search) and fine (track) angle accuracies have been computed based upon
the following simplifying and constraining assumptions:

" Only system noise will degrade the angle measurement (i.e. target signal return
is non-fluctuating during the angle measurement)

" Sequential amplitude comparison is used for making the angle measurement
estimate

* The antenna pattern is known perfectly for all beam positions

* All system bias errors are zero

* System noise amplitudes are assumed small enough so that a linear angle error
transfer function can be used

" The target has a uniformn probability distribution in angular location

Although the angle accuracies computed are adequate for a comparison between
coarse and fine angle measurement they indicate the ideal angle accuracy for the radar. In
practice the single measurement angle accuracy will be degraded. It should be noted, however.
that tracking (scan-to-scan) and increased dwell time will improve the target angular estimate.

The angular accuracy results are presented in Figures A, B and C.

In Figure A the two sets of curves refer to the'angular accuracies that would be
obtained in the search mode and the fine track mode. In the search mode all detected targets
can also be measured in angle without affecting the frame time. A target detected with a 16
dB signal-to-noise ratio (referred to beam center or nose of beam), would be measured with
an angular accuracy of 0.135 beamwidth in elevation and 0.1 beamwidth in azimuth. These
numbers can be converted to degrees or feet knowing the respective bearnwidths and target
range. Similarly the fine track angular accuracies on the same target would be approximately
0.08 beamwidth in elevation and azimuth.

As the target range is reduced the target location error is reduced by the geometry
as well as the improved signal-to-noise ratio. Figure 13 presents target height errors estimated
for targets at 100 and 175 miles using the high resolution fine track mode. A threshold target
(-13 dB) detected at 175 miles would be measured in height to an accuracy of approximatMh'
2700 feet. At 100 miles the signal-to-noise ratio would be improved by approximately 10 dli
and the corresponding height error would be near 500 feet.
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In azimuth the beamwidth changes with scan angle and Figure C presents azimuth
location errors in kilofeet at various scan angles and two ranges.
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3.4.4 RADAR SIGN ATtiRFS
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'The effective radliated peak power inl the sidelobes of' thle ATrR is given
approxiniatelv as:

FITe'ct lye Radijated Power = F R1

FRP - PT ( L SLF at

W~here:

P-- = 1'ransmit let peak power inl wat ts

G, = Directive gain inl radar main b..'am

L = T'otal system loss f'actor including t ranisnit icr
litle losses lind atmospheric losses

S1 F = Sidelobe loss factor

R =Range to radar inl meters

Ty pical values tor these parameters are

P-, = 50,000

L 0. 1io -S Li 1

SI : to-, to l0 - -3,0 to -50 kil sidelobes

FR-1= 20 kW Ii-, for -30 kil sidelobes

0. 2 kV 'Il-FRP - - t"or -50 d11 sidelObes

I'hese are numbers computed for one arraN face. Since simumltaneous array asis'o
are utilized these numbers can be 4 times higher for thle AI'R.

The polariiation signar tire will N ar\ depending onl thle o ff-ectivceness of polailat ion
agility. Similarly thle pulse width Canl varn at least betweenl tlme value of _ microseconds and
,0 microsecondis. The noiminal instantaneouiis bandLwidth is 1 5 Mili and will be Centered
wit hin thle 5.3 to i.0 GlII banid. Pulse-to-pulse fieqluenc\ agilit\ can be Implemented.

Ini the wideband miode (potent ially used for target identification). thle instantaneous
banldwidth ma1.y be as great as 200 ito 300 hill, I A.erage power densities will bie
approimatel\ onte tenth oft the estimated peak values since a const ant 10 percent duty li. tov
is enivisaged.



3.4.5 DETECTION OF SMALL TARGETS

The A TR with its high power aperture product and electronic beam switching will
provide a superior small target detection capability in comparison to other sensors.

Within the basic search volume, 3 m2 targets can be detected with a 50 percent
probability along the outer range contour. This contour is at 175 miles range for elevation
angles up to 5.5 degrees and decreases to a range of 50 miles at 20 degrees elevation.
Smaller targets can also be detected by the ATR but at reduced ranges. Listed below are
approximate detection ranges for various target sizes at elevation angles of 5.5 degrees or
less and 20 degrees elevation angle:

Detection Range Detection
at Elevation Angles Range at

Target Size Smaller than 5.50 200 Elevation
(m2 ) (nmi) (nmi)

10 230 56

1 130 31

.1 73 17

.01 41 12

Unless special precautions are taken, the small target detection capability of the ATR
is such that small, high speed targets might penetrate the basic search volume without
detection, and enter the conical volume extending above the radar at elevation angles greater
than 20 degrees. For this to occur in the normal scan mode, target velocities of several
thousand feet per second would be required in conjunction with target altitude capabilities
exceeding 20,000 to 45,000 feet. In essence the search radar puts Lip a detection fence at
a periodic rate equal to the search frame time (8 to 10 seconds). High altitude, high speed
targets might fly over this fence or pass through the high altitude portion of the volume in
between normal search scans. A partial solution to this problem is to increase the fence

* altitude beyond the target altitude capability. This can easily be accomplished by providing
a high gain beam at an elevation angle in the vicinity of 20 to 60 degrees. Normal search
beams at these elevation angles are increased in elevation beamwidth to approximately
13 degrees in order to maintain the 3 square meter target detection capability along the
required range contour. By providing the high gain beam the small target detection
capability is extended to altitudes beyond 125,000 feet at the selected elevation angle. The
additional scan time to provide this small target fence is approximately 0.4 seconds. This
number is derived from the product of the number of azimuth beam positions (138) and the
dwell time per position for a single hit (2.77 x 10-3 seconds).

The major deleterious effect is to decrease the available fine track time from
2 seconds to approximately 1.6 seconds. This represents a target track data reduction of
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approximately 20 percent. The solution is still only partial with respect to the detection of
small targets since high velocity targets could still pass through the fence search volume
between scans. For example, a missile with a velocity of 3,000 feet per second can travel
approximately 5 miles in the 10 second scan time. The fence "thickness" normal to the
missile trajectory could be approximately 2 degrees for the high gain beam. This 2 degrees
thickness corresponds to a distance of 0.8 miles at a range of 20 miles. Under these
conditions thle very small high velocity missile would have a relatively high probability of
successfully penetrating the fence without being detected. The detection of small targets can
be enhanced by employing additional antenna arrays to improve search rates in selected high
priority directions. The radar faces cover 90 degree sectors and can be "ganged" to provide
overlap if desired. Further improvement can also be gained by "erecting" the missile fence
more often thus sacrificing additional available track time. The sampling rate can be doubled
(i.e.. a missile fence every 5 seconds rather than every 10 seconds) by sacrificing an additional
0.4 seconds of available track time. The available track time would be reduced now to
approximately 1.2 second.

In addition to the above techniques it will be extremely important to addres-, the
"false" target probability associated with small target detection. Dramatic increases in
undesired target numbers are realized as thle target detection threshold area is reduced. It is
anticipated that high pulse repetition rates will be needed in this mode to provide increased
uoppler discrimination against undesired targets. The implications associated with the reliable
detection of small targets canl have major impacts onl the system design. Additional
improvement wvith respect to increased power or aperture appears undesirable from a mobility
and prime power point of view. As indicated] above, thle ATR deployment can increase the
effective powver aperture product but even this approach is somewhat limited since overlapping
coverage quickly resuilts in a prohlibitive increase in the number of array faces. Also require-
inents may be significantly affected, depending upon weapon and fire control capability. In
essence, however, the ATR with its high power-aperture product and electric beam switching
will in general provide a superior small target detection capability when compared with other
senso50rs.

Assuming that the desired small targets will be detected at elevation angles up to
20 'degrees, then target tracking is provided by the array faces for elevation angles between
20 degrees and 60 degrees. Targets in this volume are monitored for range and range rate
only but narrow beams are provided to reduce thc undesired target detection problem while
providing adequate sensitivity. Beyond 60 degrees elevation (i.e., 60 degrees to zenith) the
ARM Alarmn sensor currently being developed by thle Air Force is recommended. This UHF
solid state sensor provides quadrant angle information and range and range rate data.
Signals would be uised to indicate a missile attack. For such a condition any number of
preventive measures could be implemented including decoy activation, radar shutdown weapon
dispatching. etc.
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3.5 SYSTEM SYNTHESIS

3.5.1 PRELIMINARY ASSUMPTIONS

The s rstm was~ sinwhexihed to achievre operationual perfoirmanc'e relaiie to the*

A. FR reqlgirerritnis.

Several prelimiatary assa inpt iois were mladle representing designl Choices which linlit
cculillIn paratnleter Values. These Choices were not nude to linifl ihe design but to miake
cdear t ha I beyond thiese valties tile design may become dif'ficuilt to achieve f'rom a practical
po inat ol1 view. Vhclse initial li mit in g -oalst ra iats ate listed as foll1ows:

0 Nta~iintim average Rh' Power al Solid State Transmitter 20 K ilowat ts

(Based uponl. a esoale numtber of' transmitter modules, required prime power
and reliability).

MNaxitmunm An tetnna Si/c I I tIet high
7 1'c widle

Thtis assumpt ion was based uipon tile largest antennia silc that would lie mobile.
IThis was increased to I1.1-1t1'et high and 1 2 'et widle and mobility was still
obtained. File increase in aperture si/e was niecessary ito include polari/at ion
ag~ility and low a, itillti sidelobes).

0 Si\ scsa rcl t tits wh e a beama is lot kinig in di rection resit ing inl lowest signal
ret a in (0 degree elevationi and 45 degrees a, inntith).

(Fewer hlits would result inl poor. Nl] and greater would increase
integration losses).

* 1 0 percenti wavef'otn dtl factor.

(To achicve mlaxinutaII piact ical LPi, high time-bandwith product and poor
tise lint incto increase intailti path etfect on ARMN.

F tgu rte A illuistrates t lie basic, setitltce t hatI was f'oltowed inl developing thet systeml
des igt atnd perf'ormanice Characteristics.

A ptelitfn.ir sy'stemt dcsi gn qnd perlornice analysis indicated that necar ma iimm
.pmt1r1ad average powet values would bie required tin order ito achieve the volunme search

coveragIe % itllit tile reqiredct scan ltme (less than 10 seconds with not fine tairget tracking).

Willi tfice selctd 'Alkcs of' powver apert ure product atnd utiliat ion ot* 6 hits for
detect ion at scanII rogr-aml was developed based upon onte simultaneous receive beam per
anmirmna lae (4 pet radar Ior 30~( degrees coverage). At elevation angles below 5.5 degrecs
thet hits pler beami plosition Were var'ied to niaintaial a minimumn 0.5 probability of' detectionl.
Above thItis antgle antd uil ito '0 degrees tile ehevat ion beantwidtIh was inicraswid to maintainl
0.S piobability of* detecktion with ' htits at 45 degires azimatthl.

1-30



U,,

w 000 2

cr<<

ZLL z ZW

Z - <Z 0

zw-0-L 0
- Ww

0 LUw
a.WU, <~ crY)

m < w- <i- u

LLW 0~ *

J 2 z i2ow

U) 7: 0 0
0 

t~p
uj - z z ~

U) z 0
4 'o w 

F- ~ - - I.L) Wr w <

U, WJ < w < '

LU0w ,-

(n~~ w 7m

L L) UW O. c; UZW

wLU > C4
::) )9-CUi L 1i.

L) .=)
0 6 0 l6-et8 

9

3: --- amp3-3 c3-32



The search beam positions were determined based upon a maximum beam packing
density and an overlap value of 1/4 beamwidth for adjacent beams.

Following development of the search scan program the radar performance was
evaluated relative to angle. measurement capability. The use of edge point angle tracking was
considered but required excessive time per target thereby limiting the number of target tracks
per unit time. Sequential lobing angle tracking was selected which not only reduced the track
time but improved the angle measurement accuracy.

The radar design and performance was finally established in a hostile environment
including rain, ground clutter, chaff and jamming. In addition the design impact of achieving
low probability of intercept (LPI) and a target identification capability was evaluated.
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3.5.2 SEARCH SCAN PROGRAM

The search scan program utilizes the available energy most efficiently while fulfilling
the coverage requirements.

The baseline concept utilizes electronic beam switching in both azimuth and
elevation. Beam directions can be selected on a randon access basis and a fixed quantity of
bean directions are available. The initial search scan program which was developed positioned
the beams in rows and colunis. This scan configuration results in relatively large regions of
reduced antenna gain and deep nulls within these regious. This was true even with beam
directions spaced at one-half beam width distances. The scan program was modified to allow
alternate elevation rows to be offset by one-quarter of a beamwidth. This chaige resulted in
a more uniform detection sensitivity with target angle and a more effective search scan.

A comparison of tile "initial" and "baseline" scan techniques is illustrated in
Figure A. The elevation beam step size is reduced due to the more efficient beam packing.
This of course increases the number of required elevation steps to achieve the required
elevation coverage. For the baseline aperture, 13.3-feet by 12-feet, the nunber of elevation
beams has increased from I 9 to 22 and the search time is approximately 8 seconds.

Referring again to Figure A, the initial scan technique used an available elevation
beam step resolution of 0.125 beaniwidth. This step size was for edge point tracking which
was discarded in favor of sequential amplitude lobing for the baseline scan technique. The
available azimuth beam step resolution was increased (to 1/4 beamwidth) in the baseline
approach to provide additional angle accuracy in the t'ine afngle track mode. The baseline
scan technique not only provides better (more uniform) search coverage but results in
increased angle accuracy.

A pictorial representation of' the scan program is illustrated in Figure B. The
program shown is for the 11 ft by 7 ft array. A similar pattern would be obtained for the
baseline 12 ft by 13.3 ft array.

3-34

.•.,w,.,



INITIAL BASELINE
SEARCH SEARCH
SCAN SCAN

- 1.5 dB TWO-WAY

BEAM CONTOURS

INITIAL BASELINE

ELEVATION STEP .5 BW .433 BW

NUMBER OF ELEVATION 19 22
BEAMS IN 200

SEARCH TIME 6.675 SECS 7.97 SECS

WIDEST ELEVATION 13.10 13.10
BEAM WIDTH

ELEVATION STEP .125 BW .433 BW
RESOLUTION

AZIMUTH STEP .5 BW .25 BW
U0CD RESOLUTION

Figure A. Comparison of initial and baseline scan program
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and I I ft by 7 ft aperture
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3.5.3 COARSE (SEARCH) ANGLE MEASUREMENT SCAN PROGRAM

The search scan program maximizes the angular accurach obtained.

The baseline system design employs sequential amplitude comparison to obtain target
angle information in both the coarse (search) and fine (track) angle measurement mode.

In the search mode, target return amplitude is stored on all detected targets and this
data is accumulated in the normal search sequence. For an amplitude comparison
measurement, a beam separation of 0.8 beamwidth is nearly optimum when the target is not
tracked at null crossover. The beam separation increments available in azimuth and elevation
are respectively 0.5 and 0.433 beamwidths in the search mode.

The beam separations used in the computation of angle accuracy in the search mode
are: I beamwidth for azimuth and 0.866 bearnwidth for elevation, respectively. Actually, all
beams in the vicinity of the target could and should be used in computing the target angle.
Figure A is a cross section of the antenna beam search scan program in azimuth. The beam
step sizes are 0.5 beamwidth resulting in an alternate beam cross over (two way) of 6 dB. In
the figure a target is shown in a typical direction resulting in signals SO. SI and S2 for each
of the indicated beam positions. Beam positions "I" and -2" and signals SI and S2 would
in this case be used for the angle measurement. Actually. SO could also be used along with
signals obtained in adjacent scans above or beneath the plane of the paper. The angle
accuracy curves, presented earlier in this report. were computed based upon using only beams
separated by I beamwidth in azimuth (i.e., beams " and -2- for the target direction
indicated. As the target moves in angle beams "I" and -2- would remain optimum over
some determinable target angle area. Outside of this area other beam sets would become
optimum. Figure B illustrates the target areas for which search azimuth angle measurements
would be made by beams "I" and "2".

Targets within the indicated area will be measured with minimum error by beams
"I" and "'2". Targets outside of this area would be measured by other beam pairs. A

corresponding search elevation area is presented in figure C for beams "3" and "4".

The search angle accuracy was computed by averaging the angle errors over the
areas indicated. In general, targets located near the center of these areas will be measured to
greater angular accuracy than targets near the edge.
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3.5.4 FINE (TRACK) ANGLE MEASUREMENT SCAN PROGRAM

A special scan program, used only on selected targets, yields the highest angular
accuracy.

If greater angular accuracy than can be obtained in the search mode is desired,
then one can utilize a fine angle measurement.

In the fine angle measurement mode the available azimuth beam step increment is
reduced to a value of 0.25 beamwidth. This technique permits a more optimum beam
alignment for both azimuth and elevation angle measurements and reduces the target location
areas per beam pair. Furthermore, the more optimum beam separation of 0.75 beamwidth
can now be used for the azimuth angle measurement (compared to 1 beamwidth).

The fine angle measurement areas for azimuth and elevation are illustrated in
Figures A and B. Again the angle accuracies were computed and averaged over these areas
for the respective beam positions shown. Azimuth beam positions can occur as shown or be
stepped one-half the distance between centers illustrated. Thus, the beam "1" center in
Figure A is an adjacent beam position that can be obtained in fine track.
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WAVEFORM DESIGN CONSIDERATIONS
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4. WAVEFORM DESIGN CONSIDERATIONS

The technology requirements for advanced waveform techniques were determined
through an assessment of the baseline system performance.

The choice of a §uitable waveform is one of the more important aspects of radar
design because the waveform not only establishes an upper performance bound on target
parameter extraction and background rejection, but it also bears heavily upon system cost.
The problem is compounded by the desire for multifunction radar operation (preferably in a
single frequency band), and by the steadily increasing nature of the threat. This situation
imposes the need for balanced management of radar resources to optimize target detection
and track within a dynamic clutter/ECM environment. In this context, the transmitted
waveform represents just one facet of the available radar resources.

The waveform design task was concerned primarily with identifying advanced tech-
nology concepts required to meet expected post-1985 requirements for the following key
environments:

a) Standard; consisting of in-the-dear and ground clutter

b) Rain

c) Chaff

d) Barrage jamming: both escort and stand-off

e) Low probability of intercept (quiet emission)

f) Non-cooperative target recognition.

The boundaries of the above environments are depicted in the accompanying range
height chart and plan view diagram (Figures A and B). The range-height profile is shown out
to 200 nmi in range and 100,000 feet in height. Ground clutter is limited to a range extent
of 50 nmi, and to an elevation not exceeding 3.5 degrees. The upper limit of elevation would
be imposed by nearby high mountainous terrain. Rain clutter is restricted to heights below
20,000 feet, and to an extent of no more than 50 nmi in the plan view. The diagrams also
note the possibility of bimodal rain and ground clutter at close range.

A chaff cloud containing barrage jammer aircraft is indicated at a range of 150 nrmi
and lying between 30,000 and 40,000 feet altitude. The range extent of the chaff corridor
is typically 30 nmi, and extends between 25 to 40 degrees in the azinuth plan view.

The primary assessment of the baseline system operation was confined
to the following:
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4.1 STANDARD ENVIRONMENT

The baseline system is capable of meeting the standard environment search
requirements with available technology.

Assessments of the baseline system operation were made utilizing standard search
radar equations as found in Barton1. These basic equations provide estimates of radar
performance as limited by receiver noise, jamming, and clutter, which enables pinpointing
those areas requiring substantial improvement. The standard environment search equations are
listed in Tables I and II, for receiver noise and ground clutter. Table Ill summarizes those
baseline system parameters pertinent to the search radar equations.

The equations listed in Tables I and II, as well as those utilized in subsequent
sections, are written in forms which emphasize the most basic requirements placed on the
radar design for tracking or search in different environments. By segregating the various
practical inefficiencies in equipment performance into loss terms, the ideal limits imposed on
all types of systems can be determined.

The results do not lead to any uniquely correct solution to the common radar
problems, but they have been proven useful in identifying system approaches which arc at
least theoretically feasible. Conversely, they may be used to identify those problems which
cannot be solved by conventional or available techniques, so that the problems may be
redefined to aid solution. The overall scale of the radar system can, therefore, be readily
determined without recourse to detailed system design.

The basic requirement for detection of targets in the clear is given by the receiver
noise limiting search equation in Table I, which sizes the required average power aperture
product of the radar. Utilizing the parameters listed in Table 111. this product computes to:

PAV AR = 38,200

Given a limit due to physical constraints of 8 m 2 for the effective receiving
aperture, the required average power must then be approximately 4.8 kW for each of the four
antenna faces which comprise the baseline design. This figure is consistent with the 5 kW
per face chosen for the system.

The pertinent factor relative to clutter is the BI product (processing bandwidth
times the realizable signal Processing (MTI) improvement factor). This product provides an
index of processing difficulty for the receiving system. and is closely related to cost and
complexity. For the parameters defined in Tables If and Ill, the BI product is:

BI = 1010 = 100 dB lHz

IBarton, D.K [1974], "Radars Volume 2, The Radar Equation", Chapter 10, Artech House, Inc., 1974
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Table . Receiver Noise Search Table i. Ground Clutter
Requirement Search Requirement

47' s kT I R4 DL s  AM RM RU o ° DLIcPAV AR = BI =
'. Ots Orts

AR = effective receiving aperture 8 = signal processing bandwidth

PAV = 
average transmitter power I = Steinberg's MTI improvement factor

k = Boltzmann's constant AM = azimuth search sector

D = energy ratio required D = energy ratio required

Ls = total search loss LIC = integration loss in clutter

T I = effective input noise temperature RM = maximum range of radar

RM = maximum range of radar RU = unambiguous range

t s = total search time (frame time) t s = total search time (frame time)

o = target cross section 0 = target cross section

Ps = solid angle searched 00 = surface clutter reflectivity

Table III. Radar Search Baseline Parameters

Parameter Value

Frequency 5500 MHz

Search Time ts = 7 secs

Coverage 0 to 200 Elevation
3600 Azimuth
Ru = 200 nmi

Target Swerling 1, o = 3 m 2

Detection PD = .5, PFA = 10-6

@ RM = 175nmi

Receiver Aperture AR so 8 m 2
/FACE

Noise Figure F = 3 dB

Losses Ls < 19 dB

RF Plumbing 8 dB

Beam Shape 1.5 dB

Processing 6 dB

Troposphere 3.5 dB
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The ground clutter model is typical for a C-band ground based surveillance radar,
having a Weibull distribution with an 85th percentile o ° of -22 dB. With a Gaussian spectrum
spread of 10 Hz, an improvement factor of at least 35 dB can be realized with a conventional
3-pulse canceller. This is shown in the figure below (extracted from Nathanson [19691), noting
that the ov/Xfr ratio for ground clutter is nominally 10-2 for a prf of 400 Hz. With this
value of 1, the processing bandwidth need be only 3 MHz. The 95th percentile of the
clutter distribution, oO of -17 dB, can likewise be handled with a processing bandwidth of
10 MHz. It should be noted that the overall system processing bandwidth for the standard
environment is equivalent to four times the signal bandwidth (B), since each antenna face
requires its own processor.

45
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35 ~GROUND -
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CLUTTER CHAFF 0 75 rm
IMPROVEMENTT1. dB N 1
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10 'N NUMBER OF DELAY LINES
'IV  STANDARD DEVIATION OF SPEC1 RUM. fSEC RAIN 0 76 nm.
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10 3 2 3 4 5 10-
2  

2 3 4 5 10 1 2

Delay line canceller inmprorement factor

4-0



4.2 RAIN ENVIRONMENT

Long range detection in rain cats be accomplished by a combination of adaptive
polarization processing and spectral filtering.

The radar search equation in Table I shows the pertinent parameters for volume
clutter, with the reflectivity coefficient shown for a 4 mm/hr rainfall. The standard equation
as found in Barton1, is modified by a noise limit factor (NLF), to take into account the
effect of receiver noise associated with long range target detection. At 150 nmi, the NLF is
approximately 3.4 dB. This results in a BI product of Q2.4 dB Hz.

Using a standard shear model for rain at 150 nmi (Nathanson 2 ). there results a
clutter spectrum which is nominally uniform over the 400 Iz prf region. Referring back to
Figure A in Section 4.1, there will then be essentially zero dB improvenent utilizing con-
ventional MTI cancellers. With the use of circular piolarization (CP) for the transmit wave-
form, the rain backscatter can be reduced by about 15 dB. This improvement results in a
processing bandwidth requirement of 55 Miz, whih is considered too high for a reasonable
cost processor application (this constraint was imposed in Section 4).

Since the rain clutter spectrum is essentially like 'while' Gaussian noise over the
400 liz prIf band. : coherent S-point FFF filter will yield an imiprovement of 9 dB. This
factor results in B equal to 7 Mliz, which is confortabl\ within the 13 Mltz bandwidth
constraint. Utilization of an 8-ptlse wavetform with ( P is then one solution for long range
detection in the 4 mm/hr rain environment. The nec essity for CP will affect antenna design
and leads ultimately to the concept of an1 adaptive polarizalion waveform. Adaptive
polarization arises from tihe need for (P in rain, and for more linearly polarized waves for
target detection in the clear and imosi notably in chaff (see Section 4.3).

The baseline system operation in rain was also assessed at a range of 75 ni. for
which the BI product becomes 82 ib IIz. It is of interest to note that tile Isc of ('P is
sufficient to result in a 5 Mll/ processing bandwidth. Although spectral filtering is not
required, there will be a typical 5 dB loss relative to receiver noise which can be recovered
(if desired) by utilization of an; 8-pulse canceller filler. Use of this filter would also enhance
rain clutter rejection by an additional 5 dB.

Within a detection range of 50 nimi, i bimodal silt ation exists between rain and
ground clitter. This conldition can be readily iel by employing an S-pulse, near optimum
filter design. Use of ('11 would further enhance the filter inprovemient factor. The issue
of, biilodal filter cotpled with polarizalion processing will be discussed in Section 4.3 for
the cha ff elvironlcnt. Various wavef'orm applroaches for target detection in rain are
summarized in l'able II.

Ibid. section 4.1.
2Naihl mnson. F I. I I L)(t) 'R. ia I)csign Pi m1 itpfc1 '. ('haplcil 1. Mctlaw- ill, hli., Ic. )( ).
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Table L Volume Clutter Search Requirement

ts R2 Ru I) DLIc
BI = (NLF)

ots

B = signal processing bandwidth

I = Steinberg's MTI improvement factor

D = energy ratio required

LIC = integration loss in clutter

RM = maximum range of radar

Ru = unambiguous range

ts - total search time (frame time)

Y? = volume clutter reflectivity

s = solid angle searched

o = target cross section

NLF noise limit factor

labh IL. Rain Backscatter Approach

Range BI Filter Polarization B

150 nmi 92.4 dBHz MTI Canceller CP Gain = 15 dB 55 MHz
= 0 dB

8-point FFT CP Gain = 15 dB 7 MHz
I = 9 dB

8-point FFT Optimum Dual 2 MHz
1 = 9 dB Channel Gain = 20 dB

4-point FFT Optimum Dual 4.3 MHz
1 = 6 dB Channel Gain = 20 dB

75 nmi 82 dBHz None CP Gain = 15 dB 5 MHz

8-point CP Gain = 15 dB 1.6 MHz
Canceller
1 5 dB

None Optimum Dual 1.6 MHz
Channel Gain 20 dB
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Although these approaches differ, it would appear that an 8-pulse waveform with
CP or adaptive polarization should be applied in all mapped regions of rain. This approach
would avoid overcomplicating the waveform decision process. Since the prf can remain
range unambiguous, the filter weights can be readily adapted as a function of range to the
bimodal case, and to estimates of the rain spectrum at medium and long ranges.

There is a penalty associated with the 8-pulse mode in that additional time must

/be spent in regions of rain. For example, each 15 degree azimuth zone would require an
/additional 0.5 seconds of search time. If it were also desired to operate at the baseline

pulse compression switching rate of 13 MHz, then a target travelling at 1000 m/sec could
traverse two range bins during the 8-pulse sample. This would complicate the processing
and impose an additional velocity straddle loss. It was noted, however, that the required
value of B need be only 7 MHz, such that a lower code switching rate could be used-with
the rain waveform.

Further study would be required to determine the efficacy of an adaptive dual
channel polarization mode. If an additional 5-10 dB can be realized in reducing rain
backscatter relative to CP, then it would be possible to reduce processor complexity by
using much lower processing bandwidths. If additional target enhancement also accrues
over CP relative to receiver noise, then the 8-pulse mode may be reduced to either 4 or
6 pulses.

4-13
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4.3 CHAFF ENVIRONMENT

Long range target detection in high density chaff can be accomplished through
bimodal filtering of an ambiguous prf waveform in conjunction with adaptive polarization
techniques to ninimize processing speed requirements.

The radar search equation for the rain volume clutter also applies to chaff. For

high density chaff, the reflectivity coefficient utilized was 10-7, twice that for 4 mm/hr
rainfall. Consequently, the resulting BI product for chaff is 95.4 dBHz.

A spectral spread of 80 Hz (I o) was used for the chaff cloud at 150 nmi.
'ith a prf of 400 liz, this allows for only 6 dB of improvement factor with an 8-point

FFT canceller. The required processing bandwidth would then be nominally 1 GHz. Even
with optimum dual channel polorization processing yielding an additional 10 dB of signal-
to-chaff improvement, the required value of B is still high, in the order of 60 MHz.

Much greater improvement factors can be obtained with spectral filtering by
doubling the prf to 800 lIz. Aside from creating a range ambiguous signal, there now exists
the potential for ground clutter foldover. This condition is shown in Figure A which maps

target and chaff returns at 150 nmi into the ground clutter region at 50 nmi. Note that
there is a 3 dB decrease in both s/n and c/n ratios on a per pulse basis when going from a
400 Hz to an 800 Hz prf. This is a consequence of operating the solid state baseline
transmitter at fixed peak o;nd average power levels. A doubling of the prf then results in
halving of the energy per pulse.

Assuming the bimodal - taff and ground clutter returns as shown in Figure A for
a target at 150 nmi, the ground clutter-to-noise ratio is 50 dB, chaff-to-noise is 28.5 dB,

and s/n is 13 dB (this is based on B = 10 MHz). An 80 Hz, I-sigma spectral spread for the
chaff, a 5 Hz spread for ground clutter with a dc-to-ac spectral component ratio of 3.4:1
was used for tile design of an optimun 8-pulse bimodal clutter filter (OFT). Design ot

these filters is patterned after the nethod of DeLong and Hofstetter i
. and was developed

by ITT Gilfillan for various system applications. Under the above conditions, the average
greatest improvement factor (AGI) for the filter bank was 46 dB 2 . resulting in an output

IDeLong F.E. and tlofstetter, E.M. I19671. 'On the Design of Optimum Radar Waveformns for Clutter

Rejection IEEE Trans. Information Theory, Vol. IT-13 No. 3. July I907.'
2For a single channel clutter filter such as a canceler the improvement. due to clutter filtering at a
particular signal frequency, can be defined as the ratio of the output signal-to-clutter-plus-noise
ratio to tle input signal-to-chutter-pls-noise ratio. The inprovement factor is given by averaging the
improvement over all signal frequencies. This definition of improvement .actor can be extended to
multiple channel clutter filters such as the OFT. As any particular signal frequency is applied to all
filters, the inprovenment due to each filter can be separately determined. When the filter outputs are
properly normalized with respect to their residues of clutter-plus-noise and combined on a greatest-of
basis, the average detection statistics are determined by the filter giving the greatest improvenent at that
particular signal frequency. The AGI (Average Greatest Improvenent) is obtained by averaging the
greatest improvenlen t over all signal frequencies. AGI is equniva lent to the improvemnent factoi of a single
channel clutter filter.
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BI product is now reduced to Si diiit. hlits permits utilization of' a 10 Milt processing
bandwidth with a range unambiguous pr'. ihe Narious filter polarizatiton approaches are
suiniarited in F'able 1.

Fl'ft technological implica1tions rcl ' ti~c to Imuplemienting thle pa lel banik ot1 nlear-
opt inum-filters is discussed in Sect ion o .4. Fhie maijor- issuies relate to widie d\-narici' range

LI53 B ground clutter-to-noise ratio), high1 processing speed klupper. limiit of 1I."Mu; 1. and

costs of' pulse compression networks t'or coded ititra-pulse wavtforms.U

I'he% resolution of' thle ranlge ambiguous 10~00 Ii prf' in'okes ai added degree ot'

prTocessor toipleit but ot am~ significantt eclinological problems, It is noted that thle

S-pullse sekquenice wvil 11101 ols stagger* r-atIo improve't thle arg1ecl wlocitv responise. FhlisI
prlA slagager Ca1t then .tlso bec usedL to rcsol'c .11nib oins range uising ss elI knownl standtard
tChn11iqu' I i .ii sOu t' 10 1 pulses per anle cell willf necessitate a slos\ lug of, thle
'eu. it 11ii1 ti 11.01 ,lu 1011 t0[1n1. h10Oe ei that tile pr t t has beenl inicreased h\ a facWtor

lieKi~lin \steili ."JI) IS 1ro&0.iumeld f'ol an aegeot, 2 plses per bean11
po~i onl. file weae' tune~ liCcd OiiI douible withlin thle chaf0f clould, addinig less thanl 0.5
!econds, 11l t\ pic"Al "lAt't eon idor, to tile secld tune1.

Fable 11 N1111111.a1i'Ps thle IceehnoLog00 asseNssnient1 lative tohf pr'OCCSsin11
Various approacs mtie listed1 which ot'ter alternatec methiods f'ol loni.g 1.in1rc tar1eet dceection.
Fhlese wo~ldl bec of, Interest 1t)i tuture11 stud'\ in Cost trade an ils 'es velaI' c to the sulgested
bimoda'l filter liu1.1l'r p levttttoi



CIO O P T M I F IL.T IE Bl A N K

'O PEAK I (itil S,7.7
a 0 111I L AT A\ I SF' iCl (U~ ~ ~ F'7

* 30'OF F St 1 0 14:

20

0$

-10.,p

0 100 200 300 400 7'00 600 700 800
DX'FFLt I FF1 OUILN 04:1

fKT A,; I OFr,$.FL.N I IL T 1; STANK

WE PAK I 10W17 !7.4
- 40' AG ol ,

30$ A\ k\ F Vt TAR I NiFl

OF Fst T 200 11:

a 10'

0'

0 10 0 200 30 400 $00' 6*oo 700 800
llC)Pf'Lff FTrF-IF OL'FNCii It4.

Figure 8-2

t'0 f~RIFLATIVI SF'lCl11M

Fl AWL'tlTt'n( OPIFOLINq FILTER S- ANK

a A I, 'I A,\ I t.FR1 49.1
40 ACl WSB) 44.2

'130 VCFIAF F ME1AN

0PFFSC1 400 lj:
> 0

0 100O 200O 300 400 50 tOO 700 goo
DIOppL U" F fif 011t NC) (H:

Figur- 8H. imodal filter at 800 H.- prf %ith
pfholari:afion prF('F'slin

4-1



60 
e/AGI

m 50 
OPTIMUM FILTER BANK

40 ,- RELATIVE SPECTRUM PEAK, 61.3
A IiB) b75

z AMPLITUDE AlIIIL.

30 CHAFF MEAN
OFFSET 0 H,

o 20

10 t
- 1

0

-10

0 200 4;0 600 8;0 1000 1200 1400 160"b

DOPPLER FREOUENCY (H.)

Figure (- 1

60 -. AG I OPTIMUM FILTER BANK

5R PEAK I GIR1 60.9
\ zNGI (dB1 55.8

RELATIVE SPECTRUM A
40 AMPLITUDE CHAFE MEAN

Z OFFSET 400 H:
30,

> 20'

10,

0

-10 p

0 20 400 600 8;0 100 1200 1400 1oo
DOPPLER FREOUENCY (Hi)

I.'cur' C -2

60 hII AGI OPTIMUM FILT[ H BANK

• 50-- " PEAK I (,IB) -,8

3 RELATIVE SPECTRUM \ AGI (WB) 53.7

40 AMPLITUDE 
CH, ANZ CH4AFF EN

30 11 \0FFS I T 800 1-1

0 20 ,

10

0

- -0 1,,

+
0 200 400 600 600 100 1200 1400 1600

0) DOPPLER FREOUENCY 1Hz)

Figuare ('-3

figure C Bimodal filter at 1O0 Ii: prf

4-18



AD-AO4 885 ITT GILFILLAN VAN NUTS CA F/G 17/q
TACTICAL RADAR TECHNOLOGY STUDY. VOLUME II.(U)
MAR 80 R ROSIEN , 0 HAMMERS, L CARDONE F306O-7q-C-OY2F

UNCLASSIFIED RADC-TR O-80 -VOL-2 NL*flflfIIIIIIIII
IIIIIIIIIIIIIl
EIIIIIIIIIIIIu
IIIIIIIIIIIIII
IIIIIIIIIIIIIu
IIIIIIIIIIIIIIffllfllf



11 1 11 0 8_ 111125
111112.

11111 112.

Hll1 .25 liJ. 4 I. __

1111 ii i i B I .6



Table L Chaff Backscatter Approach

Range BI Filter Polarization prf B

150 nmi 95.4 dBHz 8-Point Canceller Optimum Dual Channel 400 Hz 60 MHz [
High Density 1 = 6 dB 5 dB < 1 < 15 dB

8-Point Bimodal Linear 800 Hz 40 MHz
AGI = 44 dB

8-Point Bimodal Dual Channel 800 Hz 15 MHz
AGI = 48dB 1 = 10dB

Signal-to-Chaff

8-Point Bimodal Linear 1600 Hz 10 MHz
AGI = 54 dB

75 nmi 85 dBHz 8-Point Canceller Linear 400 Hz B < 10 MHz
High Density 1 > 15 dB

150 nmi 83 dBHz 8-Point Canceller Dual Channel 400 Hz 5 MHz
Low Density 1 = 6 dB 5 dB < 1 < 15 dB

8-Point Bimodal Linear 1600 Hz 0.5 MHz
AGI = 54 dB

NOTE: Bimodal Filter for Ground Clutter & Chaff
AGI = Average Greatest Improvement Factor

Table Il. Chaff Technology Assessment

"Problem

0 Unambiguous long range detection not feasible with conventional Doppler processing

Approach Need Remarks

Adaptive dual channel Real time measure of chaff Realizable 5-10 dB improvement
polarization processing scattering properties and may not be sufficient

algorithm development

8-Point Canceller Components for 20 dB Distributed target and velocity loss
filter and wideband dynamic range high speed considerations
processing (>50 MHz) processor and high TB

pulse compression

Within the pulse Doppler High speed filter bank Trade range cell size vs Doppler filter

processing processing gain vs velocity effects

Ambiguous range Method minimizing ground Ground clutter foldover
processing clutter

* Spatial rejection Adaptively move antenna Efficacy depends upon terrain
sidelobes to minimum in masking relative to chaff corridor
mpped regions of heavy
ground clutter.

a Code diversity Separate ground and chaff Need dual receivers, good code
returns by code and range selectivity

* Bi-modal Components for wide Conventional implementation
Doppler processing dynamic range processor,

60 dB stability
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4.4 BARRAGE JAMMING

Barrage jamming can be countered by resource management involving frequency!
polarization agility, search speed variability, and antenna sidelobe placement, aided by mapping
of the jammer influence sensitivity region.

The search equations for barrage jamming, both self-screen and stand-off are listed
in Table 1. It should be noted that these equations assume a received jammer power density
much greater than that for receiver noise. A modifying factor should be applied when
jammer and receiver noise levels are nominally equivalent, and would apply particularly to
stand-off sidelobe jamming.

Assuming an effective radiated jammer power density of 100 watts/MHz (typical
state-of-art aircraft jammer), the self-screen bum through at 150 nmi would require a PAV
of 30 MW. This underscores the basic futility of developing any reasonable SSJ scheme for
extracting range information with a single radar sensor. The same radar main beam situation
applies to the jammer zone depicted in Figures A and B of Section 4, which typically
contains 30 escort jammers distributed within a region 100 nmi wide by 30 nmi deep.
Azimuth and elevation jam strobe extraction techniques may prove effective for triangulating
on the SSJ, depending upon whether adequate angle resolution is available within the densely
packed jammer zone. Efficient angle extraction algorithms have been developed by ITT
Gilfillan on other programs, and could be utilized with minor modification for advanced
radar netting application.

A primary ECM threat would be to mask targets of interest by stand-off-jammers
(SOJ) operating at distances relatively removed from weapon intercept ranges. Assuming that
jamming occurs within the intercardinal region of the receiving antenna where the rms
sidelobes are down 50 dB, then negligible performance degradation will occur when a single
SOJ is operating at a range of 150 nmi with a power density of 100 W/MHz. The figure-
of-merit which is of interest, however, is the jammer power density necessary to degrade radar
detection range by 50 percent. At a standoff range of 150 nmi, this number is 19kW/Mtiz.
It is not expected that a single aircraft jammer will have that capability in the post-1985 time
frame. However, a multiplicity of SOJ's could seriously erode radar performance. The
allowable degree of system degradation would require a detailed analysis of the interaction
between the operational and threat scenarios. There are, however, various techniques which
can be implemented to further nullify the effects of jamming. Most of these are not directly
related to waveform design but are summarized below and in Table II.

The baseline system already has the capability for operating over a wide frequency
band, which provides the positive effect of diluting available jammer power density.
Polarization agility would likewise increase the cost to the jammer threat. The potential also
exists for target cross section enhancement through polarization processing, such that the
available radar power can be utilized more effectively. The level of such improvement remains
to be determined through ongoing ITT Gilfillan study efforts in this area.
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Table ! Barrage Jamming Search Requirement

PjGj ' R' DL 4
PA V BD t (Self-Screen)
PAVB - ________

P G j IR4 DL
PAvGsBj R2 SM (Stand-off)

PAV = average transmitter power

G = mainlobe/sidelobe gain ratio

Bj = width of jammer spectrum, assumed equal to agility
bandwidth of radar

D = energy ratio required

Gj = jammer antenna gain

L4  = portion of Ls applicable to jamming case

Rj = range to jammer

RM = maximum range of radar

Pi = total jammer power

t s  = total search time (frame time)

o = target cross section

Os = solid angle searched

Table II. Barrage Jamming Technology Requirements

Approach Baseline Desired Technology

Selfscreen

Standoff

Higher PAV 5 kW 15 kW Cannot make range measurement
Develop azimuth/elevation jam strobe

triangulation network
Reduce plumbing loss
Hi-Power antenna components
Efficient transmitter devices

Reduce Antenna Sidelobes -50 dB -60 dB Maintain component tolerance over
physical environment

Frequency and/or Polarization 0 5 dB Dual channel processing
Enhancement

Sidelobe Cancelling 0 5-10 dB Multiple loop configuration
Adaptive antenna nulling

Slow Search Rate - - Trade time for power

Auxiliary - - Monitor environment to adept PAV
to jammer influence
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One method of improving the ECCM radar operation lies in further reduction of the
antenna sidelobes. A 60 dB sidelobe level is theoretically realizable, but would be limited by
the constraints of maintaining component tolerances over the physical environment. For
example, multipath in a battlefield environment limits the effective sidelobe level.

Sidelobe cancellers are a major counter to sidelobe jamming. These techniques have
been generally ineffective in a multiple jammer environment and may be even more difficult
to implement in a mobile situation in which the radar site geometry is continually changing.
It may be more effective to shift the sidelobe structure of the antenna to minimize jammer
input. This technique would be aided by a mapping of the jamming influence upon radar
sensitivity. This mapping procedure has been developed by ITT Gilfillan for inclusion in its
series 320 radar. The problems associated with adaptive sidelobe nulling, especially in a multiple
jammer environment, have not yet been sufficiently resolved to determine its effectivity.

Lastly, there can be an operational trade-off between detection sensitivity and search
speed. Here again, the jamming influence mapping can be used to adapt the search rate in
some proportion to the level of jamming. More energy on target can be expended in heavy
jamming zones at the expense of a lower search data. rate.

4-23



4.5 LOW PROBABILITY OF INTERCEPT

The low probability of intercept requirement can be partially satisfied by
utilizing noiselike waveforms over wide instantaneous bandwidths, and possessing time-
bandwidth products of 45 dB or greater.

The low probability of intercept (LPI) or "quiet transmission" requirement
imposes rigorous demands upon waveform design and processor configuration. In essence,
it is desired to detect targets at long range while maintaining a transmit waveform signature
which cannot easily be extracted by hostile anti-radiation devices such as the ARM. A
study on the subject of Quiet Radar was performed by ITT Gilfillan for the Army Missile
Command, and is denoted as reference MICOM . Various of these study results are applied
to the discussion below.

Table I contains a fundamental LPI signal relationship between the radar parmeters"
and those of the threat intercept ESM receiver. The key trade-off' items are the desired
quiet range, the ESM receiver sensitivity, and the GRGP product of the radar. This
parametric relationship insures sufficient target s/n at the radar for the desired probability of
detection, while maintaining a sufficiently low ratio of radar power density to ESM receiver
noise density to meet the LPI criterion. Since the radar receiving antenna gain is generally
restricted (40 dB for the baseline system), the radar processing gain becomes the key design
parameter. The value of Gp is the coherent gain that the radar processor achieves relative
to the target signal, compared to the presumed non-coherent capability of the ESM receiver
relative to the radar signal. If the ESM receiver can extract somewhat more energy from
peculiarities in the radar waveform (higher level prf components for example), then the net
achievable Gp would be commensurately less.

Using the baseline radar parameters and a state-of-art superheterodyne ISM receiver
(-75 dBnl sensitivity over a 100 Mihz bandwidth), the GRGI, product is 117 d13 for target
detection at 175 nmi. With a 40 dB antenna gain, the required processing gain becomes
77 dB. This gain is not considered achievable within the foreseeable future, such that LPI
within the radar mainbeam would not be possible.

There are advantages if quiet operation can be maintained in the radar transmitted
sidelobes. With an rms level of 50dB, the required Gp for LI'l in the sidelobes reduces to
the more practical value of 27 dB. This Gp, however, still relates to both target and ESM
detection at 175 nmi. From a system standpoint, the desired operation would be target
detection at 175 nini, with LPI at a much closer range. This goal can be achieved with
excess processing gain referenced to 175 nmi. Utilizing a Gp of 45 dB as an example,
the quiet range reduces to the order of 50 nmi. This was obtained by first noting that the
LPI equation is for ('W operation, and must be modified for the higher spectral components
associated with the pulse radar duty cycle. An 8 dB figure was used for this, leaving the
additional 10 dB (27 + 8 + 10 = 45) for LPI range reduction. It should be realized that
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Table I Low Probabflity Intercept Search Requirement

GR Gp > 1 -R M -kT D Li * A
a< 7--A LA

Where:
GR = Radar Receiver Antenna Gain

GP = Radar Processing Gain

= -75 dlm ESM Receiver Sensitivity7A 100 MHz

GA = 3 dB, ESM Antenna Gain

LA = 10 dB, ESM Receiver Loss

Li = 8 dB, Radar Loss

RM = 175 nmi

GR GP > 117 dB

G > 77 dB Mainbeamn LPI

> 27 dB Sidelobe LPI

With 50 dB Sidelobe, GP 45 dB
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the 50 nmi is an estimate that can be modified in either direction depending upon the
exact spectral content of the radar waveform and, the capabilities of the ESM receiver.

As shown i MICOM, the processor complexity is a iunction of thi. processing
gain in much the same way as it is of the BI product for the clutter enviroioment. The
45 dB figure requires a bandwidth of 200 MHz for the DCR. This bandwidth is well in
excess of that needed for range resolution or clutter processing, and presents other problems
associated with range bin collapsing, velocity straddle, the necessity for parallel channel
implementation, etc. Of equal importance are the problems associated with generating high
Gp waveforms at these bandwidths such that their characteristics do not degrade other
aspects of system performance. This problem is exemplified by the well known technique
of phase code combining for the DCR waveform, which results in generally unacceptable
sidelobe levels for multiple target and clutter processing.

The LPI requirement essentially calls for a noiselike waveform which exhibits a
thumbtack ambiguity function. This waveform may now be practical since the time-
bandwidth product (TB) should be sufficiently high for acceptable rejection of sidelobe
clutter and multiple target interference. Current radar design lies more comfortably with
bi-phase and FM coded waveforms. The basic technology problem with the above, however,
is the cost of generating and processing these waveforms at the high speeds demanded by
the wide instantaneous bandwidth requirements, coupled with a relatively long pulse duration.
Detailed trade-offs between the various waveforms and their respective processor configurations
demand a much more extensive study effort.

A sobering thought amidst the above speculation is that a Gp of 45 dB may not
be sufficient in the post-1985 period. It is well within the realm of possibility that an
ESM receiver with a sensitivity of -90 dBm will be in the inventory. For the same
performance, a Gp of 60 dB would then be required. It may, therefore, be more expedient
to design the system in terms of meeting the basic chaff/SOJ CM threat, and rely upon
other tacti's for dealing with the LPI/ARM problem.

Table II summarizes the LPI environment assessment.
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Table Ii. LPI Technology Assessment

* Problem

* Physical Constraints Prevent LPI in Main Beam

* Quiet Operation in Artenna Sidelobes required TB Product
45 dB over Wide Instantaneous Bandwidth for Present Day Threat

* Solution

* Partial Relief in Randomizing Signature:

* Frequency Diversity

* Polarization Diversity

* Randomize Pulse Pattern

" Randomize Search Pattern

" Need for Noiselike Waveform with Acceptable Sidelobe Properties
when Cross-Correlated for Operation in Multiple Target and
Clutter Environments

" ESM Receiver Improvement may Outpace LPI Waveform ind
Processor Technology Development
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4.6 TARGET RECOGNITION

Coherent processing of Instantaneous wideband signals derived from orthogonally
polarized waveforms shows the most promise in meeting the long term target recognition
requirement. A stepped frequency configuration may provide an interim solution.

The topic of non-cooperative target recognition was the subject of a study recently
completed by ITT Gilfillan for RADC, under the title of Tactical Aircraft Identification'. This
study involved an extensive literature survey. These results are summarized below relative to
microwave radar techniques that show promise for use in the post-1985 time frame.

The preferred approach requires a wideband radar to provide sufficient slant range
resolution of the aircraft scatterers. Coherent Doppler processing then cin provide a measure
of the cross range distance between scatterers in a common range cell, as the target aspect *

changes relative to the radar. Processing of the data results in a two-dimensional image, which
can be compared against stored images of existing aircraft. There was no indication that this
instantaneous wideband technique has as yet been applied successfully for two-dimcnsionai
microwave imaging of tactical aircraft.

There have, however, been U.S. Navy flight tests in the 1965 time period using an
experimental high range resolution radar Isee Maynard 2 ]. The signal wavformi was a
0.3 usec linear FM pulse, transmitted with an instantaneous bandwidth of 600 MHz at S-band.
Rate aided range tracking was used to place a 100 foot gate over the target. Detection
capability was 15 miles for a I m2 target. Data was recorded on returns from ten different
aircraft for both nose and tail aspects. The wideband signature returns correlated with the
obvious geometric features of the aircraft. A simple criterion based upon minimum deviation
from the mean was utilized as a method for aircraft identification. Somewhat better results
were obtained for horizontal polarization than for vertical. Although not conclusive, the
results indicated a potential for classification and identification of aircraft utilizing wideband I
radar signatures. Additional data reduction showed the capability of extracting aircraft engine
modulation from the wideband pulse-to-pulse returns.

The above wide instantaneous bandwidth effort has been replaced by a more
amenable near term hardware implementation, in that stepped frequencies are transmitted over
the equivalent desired RF band. Each of the frequency steps is transmitted for a period of
several milliseconds, such that 'narrowband' processing can now be employed. The totality of
the narrowband stepped frequency returns is shown to be- equivalent to the short pulse
signature obtained by the high resolution wideband radar. The trade-off requires a much
longer dwell time on-target for the stepped frequency approach, as compared to the hardware

ITAI 119781, 'Tactical Aircraft Identification, Final Report, Contract No. M00027-77-A-0058, YC-l.

MIPR no. FQ761980025, Project No. 2314, 12 Dec. 1978.

2Maynard J.H. and Summers B.F. 119)67]. 'An Experimental Iligh-Resolution Radar for Target-Signature
Measurements', Supplement to IEIE Trans. Aerospace and Electronic Systems, Vol. AES-3. No. 6, Nov. 1967.
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complexity associated with the generation, reception, and processing of wide instantaneous

bandwidth waveforms.

One such system is based on noncoherent processing of the power returns at the
individual stepped frequencies. These yield an estimate of the power spectral density from
the aircraft return, which then is transformable into the autocorrelation function equivalent
to that of the wideband signature response. Various problems are associated with target
scintillation, engine modulation, and hardware mechanization. In the latter category,
availability of frequency agile oscillators and back-scanning techniques for longer dwell on
target were primary problems.

An expansion of the stepped frequency technique includes measurement of phase as
well as amplitude for coherent processing. This technique for radar identification of
noncooperative air and surface targets uses inverse synthetic aperture imaging techniques with
waveforms suitable for a wide range of existing radars. The principle features of this approach
are: (I) Target images are developed from target translation and rotation motion relative to
the radar platform. (2) Frequency diversity techniques are used for compatibility with
existing radar designs which do not usually include wide instantaneous bandwidth. The
concept is to extract target range and cross-range dimensional information produced by echoes
from individual scatterers on the target. Relative range location of the target scatterers is
derived by transforming the frequency diversity echo spectrum to a target range profile. The

cross-range scatterer positions are then extracted from the relative Doppler velocity of the
target scatterers produced by the targei's rotational motion.

Assuming that reasonably noise free radar measurements can be made, there still

exists the challenge of developing target recognition algorithms capable of operating in real-
time with reasonable computational cost. It has been prominently noted in the survey that

the use of additional discriminants such as phase and polarization information enhances target
recognition, and drastically reduces the probability of misclassification. Consequently, for
desired 'real-time' processing of radar data for tirget identification, there will be a trade
between increased hardware capability to make high resolution polarization type measurements
versus algorithm complexity with its associated processing time.

Based on calculations made for the stepped frequency inverse synthetic aperture
approach (Wehner 3 ), the integration time on aircraft targets at a range of 100 nmni would be
45 seconds. While this may be acceptable for identification of ships, it is probably
unacceptable for high speed aircraft in a tactical situation. It is estimated that the non-
coherent stepped frequency approach should take considerably less time, with an educated
guess being in the order of 0.5-1.0 second. This latter approach would, however, require a
more complex target reCognition algorithm. Although the results of field tests are not known
to ITT Gilfillan at this time, it is expected that it will be a number of ye:irs before the non-
coherent approach is fully evaluated as to its utility. It should take even longer to evaluate

tile phase coherent approach.

3Welher, D.R. 11781, 'Stepped Frequency Target Imaging', June 1Q78.
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With regard to deployment in the post-1985 time frame, therefore, the more
probable approach (if any) would be the non-coherent stepped frequency waveform. Typical
parameters might include a 150-300 MHz bandwidth, with a step size of 2.5-5 MHz. It
should be noted that this implementation lends itself to a type of linear FM waveform,
although the frequencies, can be stepped in a random manner. Total energy required on
target for the identification process is not precisely known. Problems can arise with peak
power limited transmitter devices relative to the total dwell time on target needed to meet the
energy reqluirement. Since the target signature is heavily aspect dependent, too long a dwell
may present severe association problems with high speed maneuvering targets. The issue of
aspect dependency, algorithm development, and real-time operation leaves open to question
the stepped frequency approach as a useful technique for mobile tactical radar applications.

The desire for rapid assessment of target features can most readily be met by
short time measurement and high resolution of diverse target discrimninants. This technique
implies coherent processing of instantaneous wideband amplitude and phase information, using
orthogonally polarized transmit vectors. Substantial work must be done to evaluate these
techniques as to their effectiveness, and to develop hardware and software parameters prior
to implementation. Although this approach has the most inherent promise in meeting the
desired long termn target recognition objectives, it is problematical that the required
technology and field evaluation testing will surface in time to meet a post-1985 deployment
schedule.
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4.7 WAVEFORM SELECTION SUMMARY

Waveform selection is based upon spectral filtering requirements, system design
constraints, and equipment cost considerations.

A simplified block diagram of the adaptive waveformn process is shown in the Figure.
The waveform that is transmitted is selected on the basis of the environment being searched,
with inputs to the waveform control function from the environment map. antenna beam
position, and range gate position. The transmitted signal is operated upon by the environment
scattering function which can also include a target operator. The waveform process then
consists of applying receiver weighting functions which maximize the target-to-interference ratio
relative to the detection criteria. Upon detection. target 3D parameters are extracted for
display and for system application. From an advanced technology viewpoint, the waveform
process function becomes the major problem area both in terms of developing components for
high speed processor architecture, and in evolving techniques for special applications such as
LPI and target recognition.

The issues involving both inter-pulse and intra-pulse waveforn selection are
summarized in this section.

Prelininarv Waveform Selection Criteria

Primary emphasis was placed onl meeting the basic requirements for long range target
detection in search, where methods noted in Bartoni were utilized for initial sizing of system
performance. The requirements were divided into two broad categories: the more typical
environments of clutter and ECM (chaff/SOJ ). and the special applications involving low
probability of intercept (LPI) and target recognition. Investigation of the typical environment
yielded two standard radar parameters for consideration: namely, the average power aperture
product (PAV AR). and the processing bandwidth times the realizable MTIl improvement
tactor (BI). The special applications requirements involved consideration of the radar
processing gain and of very high range and:'or Doppler resolution waveforms. These issues will
now be considered in terms of the waveform interpulse and intrapulse characteristics.

Typical Environment

It was found in Section 4. 1 that the search requirement in a clear environment
(receiver noise only) could be met with a PAV, AR of 38 x 103. With other system
considerations restricting the size of the effective antenna aperture to 8m-, the required PAV
computes to nominally 5 kW. This value of PAV is noted to be independent of the type of
modulation used in the radar wavefornm.

A first cut at the baseline radar waveform structure was then obtained by considering
various other system requirements. Use of a solid state transmitter places restrictions upon the

(bid. Section 4.1
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pulse duty cycle to 10 percent or greater. This factor coupled with a prf of 400 Hz (200 nmi
unambiguous range), results in a pulsewidth of at least 250 tpsec. At this value, the peak power

must be no greater than 50 kW for a PAV of 5 kW. Utilization of a 250 ;Isec pulsewidth

imposes first order constraints upon the waveform time-bandwidth product (TB). The value of
TB now becomes a function of the required range resolution; where, as noted below, the

pacing requirement is a consequence of clutter processing.

Clutter Processing Considerations

For basic 3D unambiguous long range detection, there is no stipulated requirement
for Doppler resolution. Since the optimal design of the radar waveform is dictated by the

inherent limitations on resolution performance, the absence of a Doppler requirement in
search removes a significant level of complication. The requirement for range resolution is

governed by height accuracy considerations and by typical plan view specifications- for
example, resolving two targets spaced 1.5 nmi in plan position, 80 percent of the time.
Such specifications can easily be met with a I pAsec range resolution. Given the baseline
constraint of a nominal 250 psec pulsewidth, the clear environment TB product would be in

the order of 250.

The demands of clutter processing, however, impose more restrictive bounds upon the
processing bandwidth, which then directly affects the required value of the TB product.

Clutter processing also directly influences the inter-pulse waveform design in terms of the

degree of spectral filtering required. As noted previously in the waveform design section,
there will be essentially three basic interpulse signals transmitted to meet the demands of the

typical environment. For standard operation in the clear with close-in ground clutter, the
baseline scan program described in Section 3.5.2 would be utilized with a 400 liz prf.

With rain clutter, the transmit polarization is switched to circular (or near-circular elliptical),
and an 8-pulse sequence utilized at the 400 Hz prf. With chaff, a 2-stagger 8-pulse sequence
would be transmitted at a 1600 Hz prf. Processing of both rain and chaff clutter can be
further enhanced by transmitting an adaptively polarized waveform, which could lead to

savings in processor architecture through a reduction of both the processing speed and the
required TB Product. An additional receiving and processing channel would be required for

* parallel processing of the orthogonally polarized components of the target and clutter returns.

This.cost must be weighed against that of the higher speed, single channel processor, and
would be a subject for further study.

The more immediate issue which must be resolved is whether adaptive polarization

processing can actually realize the 5- 10 dB of improvement needed to signilicantly reduce the

proessing bandwidth. This improvement is particularly required in the chaff environment

which has the added dimension of ground clutter foldover. Additional study must be

undertaken to determine these issues Utilizing available models of typical targets and chaff

corridors.
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Processing of rain clutter imposes an upper limit upon the required TB product for
conventional single channel operation with CP. The baseline rain processing bandwidth of

7 MHz, coupled with a 250 psec pulse width, yields a TB of 1750. Although chaff processing
is at the higher rate of 13 MHz. it is noted that the transmitted pulse width is reduced to
62.5 Msec, yielding a TB of 800. This reduction in pulse width is a consequence of increasing
the prf to 1600 Hz, while m~aintaining the duty ratio at 10 percent for 50 kW of peak power.
The chaff processing also requires bimodal filtering of ground clutter foldover, with an

attendant 53 dB of clutter-to-receiver noise ratio. Preliminary sizing of the processor
architecture was made for comparison of the rain and chaff configurations. A second estimate
was made at a more moderate processing bandwidth of nominally 2 Mltz, assuming that

adaptive polarization processing gain could be traded against processing bandwidth. (See
Section 6.4 for details).

Intra-Pulse Considerations

The preceding discussion was centered on the interpulse waveform characteristics,

and ol the time-bandwidth products associated with the necessity for coded pulse compression

signals. Since resolution in Doppler is not required for the search mode, the intrapulse

waveform selection is essentially governed by equipment considerations. The specific waveform

should be chosen so that the performance requirements can be met with the lowest cost in

system complexity.

The general classes of linear FM (LFM) and bi-phase coded signals (BPC) would be

applicable as modulation techniques for the baseline waveform, realizing that there are many
variants within these classes that could be considered. A key factor in the intrapulse

waveform selection is the interference due to strong targets, which translates into some value
of allowable peak range sidelobe level for the ambiguity function. An estimate of the
acceptable peak sidelobes would have to be based on the number of interfering targets,
number of peak sidelobes, target statistics, false alarm rate, etc. Since the TB product must
be in the order of 1,000 2,000 for operation in rain/chaff, conventional bi-phase codes can be

configured with peak sidelobes down by at least 30 dB. Rudimentary Taylor weighting can
realize -35 dB sidelobe levels for LFM. At this juncture, it will be assumed that either
waveform has an acceptable peak sidelobe response. Operation in a distributed clutter

environment should also he consistent with the TB product utilized.

Initial processor sizing described in Section 6.4, was estimated using a bi-phase

coded waveform with a hard limiting CFAR. The ultimate selection of the intrapulse
waveform should be deferred until after extensive cost/benefit trade studies are made relative

to system operation. Some key trade issues related to existing BPC and LFM technology

are summarized below:

a) The BPC wavefori, operating within the relatively long pulse of 250 Psec,
requires 21 parallel Doppler channels to accommodate the loss in response
associated with high speed targets at C-Band. On the other hand, there is now
available a coarse estimate of target Doppler.
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b) While LFM does not suffer any loss in response with target Doppler, there can
be a maximum time shift of I psec at Mach 3 speeds. This error in range was
assumed acceptable, however, in search; and could be partially corrected in
track. There may also be occasional masking by other targets in the beam
caused by the range-Doppler coupled response.

c) BPC implementa., ,i is more amenable to existing baseband digital technology
for the TB prodUcts required, whereas the LFM pulse compression may be
constrained to IF. This latter consideration may impose additional dynamic
range problems with LFM, if pulse compression precedes spectral filtering.

dt) If target detection in a dense multiple target environment is a major
consideration, then additional study should be undertaken to determine the
performance lev . for both waveforms.

The chaff corridor described in Section 5 may contain targets spaced by 4 nmi or less. The
250 IJsec pulse spans about 20 nmi. With a 4 nmi spacing, there will be an uncompressed
code overlap of 80 percent between contiguous targets. and an average of five targets within

the 250 psec pulse. The effect of the sidelobe structure should be examined in relation to
the desired false alarm and detection criteria. '[he problem may be more severe with the use

of hard limiting CFAR with either waveform. With substantial code overlap and targets of
differing cross section, the suppression effects of the strong signal can cause the detection
probability of the weak signal to deteriorate rapidly.

In summary, the intrapulse waveform selection should be based primarily on
equipment considerations and system complexity, noting that standard type modulation such as
linear FM and bi-phase switching may be acceptable. Additional study relating to the above

issues and to the expected component technology must be undertaken. System tradeoffs must

also be considered, and these will be addressed in Section 4.8.

Special Applications - LPI and Target Recognition

As noted in Section 5.5, the LPI signal requires a high TB product: much more than
that required for clutter processing. Long pulse durations approaching CW in the limit, are

more effective than high or moderate pulsed peak power transmissions. LPIL therefore, is very
amenable to solid state power devices. The basic problem is that intercept receiver technology
may, in the post-1985 period, force the required LPI waveform TB requirement to the order
of 60 dB. As a result, it is doubtful that the waveform generation and processing of high TB
wide pulse signals will he cost effective, relative to that required for just meeting the
performance levels in the typical environment. Unless there is some significant breakthrough
in high speed gigalit type components and/or in code generation techniques, the strategy for
countering the ARM threat would probably involve other ECCM techniques such as EMCON
and decoys instead of total reliance on LPI.

The other special application deals with waveforms for noncooperative target
recognition. Here, the ultimate requirement would be for extremely high range resolution
from which to construct a two-dimensional target image. The high speed processing
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technology and mass memory techniques, within tactical and cost constraints, may not be
available until sometime after 1985. A wideband signal composed of narrowband frequency
steps represents a possible interim system, but may involve observation times that are too
great for a real time application.

One of the more promising systems involves the coherent processing of amplitude
and phase of an instantaneous \ideband signal (order of 200-300 MHz), coupled with
polarization processing as an added discriminant. In general, the more discriminants available
in the measurement, the less complex the recognition algorithm. Waveforms and real-time
algorithms must be developed for the processing of target signature data. Much more
extensive effort is required in this general area before any hard- and software implementations
can be considered. An educated guess, however, would foresee the need for efficient short
pulse high peak power transmitting devices, to avoid association problems with the signature
return caused by the changing aspect of a high speed maneuvering target, and to reduce the
time on target required to make an identification. Consideration should be given to design
new radar systems with the instantaneous wideband and polarization agile capability, such that
the target recognition function can be more readily incorporated at a later date.
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4.8 WAVEFORM TECHNOLOGY FACTORS

Many investigations and tradeoff studies are indicated that are needed to meet, or
improve on, the performance goals for the future A TR.

Examples of technology items include polarization processing, maximum entropy
spectral estimation, and within-the-pulse Doppler processing. Their utilization would be
examined within the basic constraints of the baseline design. Table I provides a list of
baseline system technology items as they apply to the various operational environments.

While advances in component technology should lead to smaller and more efficient
signal processor configurations, the escalating demands for multi-function operation generally
force the size, weight, and power consumption to unacceptable levels. It then becomes
incumbent to search for alternate means of processor implementation to reduce cost. Within
the context of waveform technology, there are various areas for baseline system trade studies.

Dual channel polarization processing represents a major trade issue in this regard.
Table II indicates the significant savings in processor complexity which can result from a
reduction in the processor speed requirements, made possible through polarization enhance-
ment of the target-to-clutter ratio. Other more fundamental trade studies involve spectral
filtering utilizing maximum entropy techniques, range ambiguous prf, and within-the-pulse
doppler processing. Transmitter duty cycle reduction can also result in a decreased process-
ing requirement since the narrower pulse width involves a smaller time-bandwidth product.
The trade issues here involve solid-state and tube type transmitter cost/performance versus
processor cost. These various trade studies are summarized below in terms of technical risk
and scheduling.

Dual Channel Processing

Dual clhannel polarization processing is a technique which can take advantage of
the differences in the scattering properties between targets and clutter, such that one can
maximize the probability of target detection. This approach is detailed in RAI)C[ 19781 1
and RADC[ 19791. 2

Before any definitive system configuration can be finalized, the following technolog-
ical issues must be resolved:

a) The dB improvement in target detection for dual channel rain/chaff envirpa-.
ments relative to conventional single channel operation (includes circular
polarization in rain).

b) Cost of dual vs. single channel antenna/receiver/signal processor.

L.

l RADC[19781 Final Report, "Implementation Techniooms for Polarization Control for V.CCM,' Contract No.

F-30602-77-C-0087, Oct. 1978, B035618L.
2RADC[19791 Final Report, "Polarization Processing TechniquIes Study." ('onliract No. F-30602-78-C-OI 19,

Mar. 1979, A080565.
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Table L Baseline System Technology

Environment Requirement Baseline System Technology Trade Studies

Clear P.,vAR > 4 x 104  0 Tube vs solid-state transmitter for reduced duty
cycle operation

* Polarization enhancement

Ground clutter BI > 100 dB-Hz * Polarization sensitivity
TB > 750

Rain BI > 92 dB Hz 0 Dual channel implementation

TB > 1750 0 Processor architecture, dual vs single channel

* Ambiguous range prf

* Spectral estimation

Chaff BI > 95 dB-Hz 0 Same as rain

TB > 800 S Wideband processing

0 Within pulse Doppler processing

* Code Diversiti/

Standoff PAV > 5 kW * Dual channel processing
Barrage
Jamming Bj > 100 MHz * Burn through capability

0 Sidelobe canceller

0 Adaptive sidelobe null

* Jam strobe triangulation

Low Noise-like waveform S Signature randomization
Probability
Intercept TB > 45 dB 0 Code development

Target Short pulse 0 Narrowband noncoherent
Recognition High Peak Power

* Narrowband coherent

B 300 MHz 0 Instantaneous wideband
- Phase
- Polarization
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Table I]. Processor Size/Power Estimate

2 MHz

Single Dual Dual
Channel Channel Channel

Baseline Matrix Matrix

SIGNAL Volume 58.8 122.0 28.8

PROCESSOR (ft3 )

Power 11.0 22.9 5.4

(kW)

DATA Volume 13.2 14.8 14.8

PROCESSOR (ft3 )

Power 2.5 2.8 2.8

(kW)
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c) Polarization effects of ground clutter mn bimodal situations.

d) Real time measurement of clutter scattering properties from which to determine
optimum waveform. Utilization of more efficient estimation techniques such as
maximum entropy methods should be investigated.

e) Cost/benefits of reduction in processing bandwidth resulting from dual channel
enhancement of target detection.

f) Ancillary benefits from potential target cross-section enhancement in a clear
environment, and similar benefits against noise jamming.

The groundwork for the above trade studies exists in the availability of a polariza-
tion processing approach toward maximizing target detection in clutter, and in the necessary
software including target and clutter models to evaluate all of these items by computer
simulation (see RADC [1979] ).' The risk is, therefore, minimal in determining the cost/
benefits deriv'pble from a dual channel processing scheme, and could be accomplished within
a one-year study effort.

Given that the study results are positive, then a much more extensive test program
would be necessary to evaluate the system in a field environment. This program would involve
development of critical hard ware/software modules for incoiporation into an existing radar test
bed, with flight testing through both rain and chaff. Details of such a polarization processing
test effort can be found in RADC (1978).2 The cost of such an undertaking could be
relatively high, including the requirements for flight test facilities, chaff drops, instrumentation,
data reduction, etc. A rough estimate would indicate a 2-3 year effort. This program must
be accomplished in a timely fashion if dual channel processing were to be incorporated into
a post-1985 design. The technical risk would be considered low-to-mnode rate, since the field
test effort would not be undertaken unless the results of the prior study indicated a very
favorable cost/benefit tradeoff.

Spectral Filtering

Detection at long range is aggravated by the shear effects of rain/chaff, where the
spectral spread of the clutter occupies all or a substantial portion of the relatively low prf
region. As described in Section 4, relative to chaff processing, a higher range ambiguous prf
permits enhanced spectral discrimination against the chaff. The situation is nlow aggravated
by the attendant foldover of high levels of ground clutter. H-owever, this can be compensated
through utilization of adaptive, near-optimum filter banks; such that the baseline system is
capable of meeting the search requirements in volumetric clutter.

There is, however, need for a more extensive baseline trade study in the general
area of spcctral filtering to upgrade performance. Better use of Doppler information would
permit either a reduction in processor cost or operational capability in more dense clutter
environments. The following technological issues would be appropriate for further study:

1,2 1bid. Section 4.8
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a) Adaptive higher prf (to enhance spectral filtering) as a function of volume
clutter extent, including effects of higher levels of ground clutter, bimodal
effects with rain, and second time around volume clutter.

b) Adaptive antenna beam forming and sidelobe placement to reduce ground
clutter intake.

c) Utilization of maximum entropy techniques for spectral estimation of the
clutter for purposes of determining near optimum filter weighting.

d) Use of maximum entropy methods for possible enhanced spectral filtering
relative to near oi timum filter bank, emphasis on real time operation with
limited number of data samples.

e) Potential application of within the pulse Doppler processing in track mode.

f) Very high prf (pulse Doppler) application in track mode, including potential
for high Doppler resolution.

The above would be a low risk study effort of 3-6 months duration.

Duty Cycle Trade Issues

The transmitter pulsewidth has a pronounced effect upon processor cost related
to the required value of the waveform time-bandwidth product (TB). Since there is no
requirement for Doppler resolution in search, the pulsewidth utilized is determined primarily
by transmitter design factors. The solid state baseline transmitter design constrains the
pulsewidth to at least 250 gsec at a prf of 400 Hz because of peak power limitations. The
pulsewidth can shrink, however, proportionately to higher range ambiguous prf's as in the
case of chaff processing.

The disadvantages of 'wide' pulses are:

a) For required processing bandwidth, have high TB product with increased
processor complexity.

b) Require additional parallel Doppler channels for bi-phase coded pulse
compression.

c) Increase uncertainty of range measurement for linear FM waveforms.

d) Degrade operation in dense multiple target environments.
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The advantages of a wide pulse are:

a) Permit increased Doppler resolution.

b) Enhance low probability of waveform intercept.

c) Enhance two-dimensional radar imaging for target recognition.

On balance, a qualitative assessment of advantages and disadvantages would mitigate
against the use of a very wide pulse. This judgement is based primarily upon signal processor
cost for operation in the typical threat environment, whereas the advantages apply principally
to the more special applications. Therefore, the following trade studies would be appropriate:

a) Processor cost as a function of pulse width for typical waveforms such as
linear FM and bi-phase codes.

b) Effect of pulsewidth and TB product upon operation in multiple target
environment, including effects of range sidelobes for both linear and hard.
limiting CFAR, effects of large-to-small target ratios.

c) Effects of pulsewidth and duty cycle upon transmitter design, tradeoff cost/
reliability, etc. between solid state and tube type transmitters.

The above is a low risk study effort, estimated 6 months duration.

Wideband Processing in Clutter

The need for processing of instantaneous wideband signals has been discussed in
the sections dealing with low probability of intercept and target recognition waveforms. The
trade studies in these areas are very specialized, and it is recognized that there is a need for
continuing study both in the systems and components disciplines. Within the confines of
the baseline system, wideband processing is of more immediate interest in the detection of
very small cross section targets in clutter. The trade study issues involve the distributed
nature of the range spread target scatterers, and the effect upon false alarm and detection
criteria in the various clutter environments. Some typical tradeoffs would include:

a) Optimum choice of range cell size and effects of nonoptimum cell size upon
performance in volume and area clutter.

b) Processor configurations, including coherent, noncoherent, parallel and
sequential observations.

c) Trade between instantaneous coherent use of wideband signal and noncoherent
frequency hop approach.

This is estimated as a 6-month study effort including a survey of available
literature on this subject.
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Section 5

TRACKING TECHNOLOGY

5.1 Auto Track Function
5.2 Multiple Sensor Netting
5.3 Data Integration
5.4 System Tracker Figures of Merit
5.5 TWS Surveillance Tracking Processes
5.6 Association and Autoinitiation Processes
5.7 Target Classification
5.8 Wideband Target Signature Classification
5.9 Track Technology Assessment
5.10 Technology Assessment
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5. FRACKING TECHNOLOGY
5.1 AUTO TRACK FUNCTION

Because the radar is a significant element in the sensor arsenal of the TAC AFFOR
Commander, the A TR must be able to extract, track and classify targets.

The operational and threat environment issues addressed elsewhere in this report have
emphasized the need that the system must: (1) achieve a high level of automaticity, (2)
possess a capability for adaptive resource management, and (3) capitalize on the synergism
realized front netting of the system's sensors to obtain fast reaction to a multiplicity of threats.

The main theme stressed in this approach is that target data and environment data
are used to continuously configure the system into a format which optimizes target extraction.
target track, and target classification. In this manner, the processing resources are always
balanced so that excessive demands will not have to be made on the performance measures
of any one subsystem. A balanced approach to single radar sensor control is illustrated in
the accompanying Figure. This ties together the previously discussed functions of waveform
and clutter/F CM processes and target detection and parameter extraction, with the autotrack
process. Although each function must be satisfied in the sequence shown prior to developing
an automatic track, a key fact noted in the Figure is that the operation of the autotrack
process feeds back ard directly impacts the operation of all of the other processes.

Tile other critical aspect of the autotrack process is that its output represents the
major radar sensor data interface with the tactical user. As such, an ancillary theme to the
above is that single system tracks (SS]) hav to be established and identification determined
using all target data derived from all sensors in a timely fashion. The netting oi merging of
target data is the final operation i)on which the tactical user depends. The radar is a

significait element for target verification fromi which the TAC AFFOR Commander will base

his battle decisions. To ma\imite the timeliness and value of the assimilated information, the
sensors must provide target information filtered, identified and merged to the maximum
degree available. Target track data. with all available correlated cooperative and noncooperative

identification information incorporated, will minimize the data transmission and central

processing load as well as increase effectivity of the system. Toward this end, tile SST
requirements iuist be responsive to:

Optimum ('on ol of Sensor Resources
I OW lalsC Irack Rate
Iligh Track Solidarim.v

t-ast Reaction linmc
Atoatic -hIhiat Assessment
largc Track ('apacity

Optinnm Merging of Sc isor Data
F('M Rcsistant

The 1iS'ue of optinm energy 'resources control becomes especially crucial for
mutniifinction radar tluse cmbodying both search and track. For the baseline design.
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prf of 400 Hz in a clutter environment, extraction of angle data with sequential lobing can
utilize as much as 80 psec or more per target. Assuming that only two seconds per search
interval is allocated to track data update, then only 25 targets per antenna face can be
accommodated. From the tactical user viewpoint, timely assessment of the threat is
fundamental to the optimum allocation of limited weapon resources, in a major hostile
engagement. The issue of target classification is highlighted in Section 5.8 and represents
one of the more crucial outputs of the autotrack process. In effect, the level of automaticity
realizable is critically dependent on the efficacy of the target classification function. If the
variances associated with the target classification outputs are minimal, then a high level of
automaticity is feasible resulting in decreased system reaction time. However, a critical facet
that impacts the efficacy of the target classification function is the degree of adaptiveness
that the surveillance radar possesses (e.g., variable track verification data rates).

It is essential, therefore, that track initiation be accomplished with a minimum of
"looks" per target, and that false or redundant tracks be minimized. This can be facilitated
by proper distribution of false return rejection among the various radar processes, and the
utilization of special wideband waveform modes to enhance the classification of targets of
interest. This will be adaptively controlled by tracker feedback in predicted target areas.
The above represents major technology radar design trade issues, which will be expanded upon
in the following topics.

Although balanced radar sensor design can provide a cost-effective mechanization
for track while scan operation, the varied nature and magnitude of the threat presages the
necessity for a multisensor network. The benefits to be realized from sensor integration are:
(1) reduced ECM susceptibilities and vulnerabilities, (2) higher data rates for system track
accuracy. (3) lower (and nonperiodic) data rates for effective anti-ARM countermeasures.
(4) increased system track continuity in the presence of multipath or scintillation induced
fades or nwtural masks, (5) greater trajectory following capability, (6) jammer range deter-
mination when jammers are beyond the system's burnthrough detection range, and (7) faster
track establishment times.

The requirement for a multisensor adaptive system tracker poses additional technology
trade study possibilities regarding techniques for optimally combining the outputs of the
individual radar sensors. The mechanization of a system track function will influence the
design of the local track process, which, as noted before, has an iterative effect upon the
balanced design of the other radar processes. Consequently, the design approach for the
system tracker will have major impact upon the requirements and costs of the individual
radar (i.e., possible utilization of less than four antenna faces per sensor).

Since the technology for adaptive system track functions has not as yet been
developed in terms of a formali.ed methodology, this feature ranks high in the evolution
of the advanced tactical radar system. A discussion of the above design methodology and
associated parametric trade study requirements is, therefore, presented in the next topic.
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5.2 MULTIPLE SENSOR NETTING

One of the most important features of the futture Tactical Air Control System
(TA CS) is the netting or integration of many radars to produce a single system track for each
target wit/hin the coverage volume.

The synergism resulting from the joint action of multiple sensors is needed to cope
with the very severe threat environment envisioned for the system. Some of the benefits that
will be realized from sensor integration are:

Increased system track accuracy

- Faster track establishment time

- Increased system track continuity

- Reduced ECM susceptibilities

- Reduced number of false and redundant system tracks

- Greater trajectory following capability

- Enhanced threat classification capability.

The success with which the system track function performs also affects the required
performance level and/or cost of the individual radar sensors. In an advanced TACS. rapid
automatic threat assessment is a major consideration for the management of sensor resources.
For example, utilization of the baseline agile scan antenna allows multiple extractions to be
made on high priority targets by revisiting selected points during a single scan period, enabling
faster track 'Verification and target classification. The allocation of individual sensor resources
on a system basis can alleviate the average power constraints, low prf requirements, and fixed
antenna face operation of the baseline design. Single sensor energy can be concentrated in
regions that demand track of multiple targets with high update rates, which would normally
be limited by the 2.5 mnseC Pulse repetition interval and the demands of the search
function. The latter can be temporarily allocated to other radar sensors. Individual sensor
design may also be practicable with less than four fixed antenna faces per radar, depending
upon total coverage afforded by the collective network. The ability to alleviate the demands
placed upon the resources of individual sensors, will be directly related to the efficiency with
which the Single System Tracker can be designed. This issue is detailed below.

The key to the success of sensor integration is the degree of accuracy improvement
achieved. If little or no accuracy improvement is gained, then many of the benefits of
netting will not be realized since the accuracy of the system tracker affects the performance
and operation of all the tracking processes. Track continuity, for example, is directly depen-
dent on the state estimator's ability to provide accurate predictions and to accurately detect
changes in the target state. The prediction information and target state changes are used to
select the optimal gate sizes for track association. If the information is inaccurate then the
chance for misassociations increases, thereby affecting track continuity and ultimately the
system accuracy.
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The users of the ATR surveillance net will commit their resources based on tracker
information and, as such, the multisensor adaptive system tracker is the primary determinant
of the ATR network performance. To ensure optimal allocation of resources, the tactical
decision maker must be presented with an accurate, timely, reliable, and complete description
of the total tactical situation that is devoid of any data that confuses or does not contribute
to his assessment of the situation. Therefore, the objective of the multisensor adaptive system
tracker is to extract an accurate, user surveillance-oriented description of all real targets of
interest while suppressing false reports and reports on targets of no interest. Furthermore the
user is interested in the time history of detections or, in other words, tracks.

Very little work has been done towards developing a cost-effective multisensor
adaptive system tracker that can handle the total threat population faced by a tactical sur-
veillance radar network.

The following sections outline and elaborate on the major tracking technology issues
associated with the multisensor adaptive tracker, which is the keystone for a cost effective
integrated ATR system.

I



5.3 DATA INTEGRATION

In order to achieve the accuracy enhancement resulting from sensor integration, a
trade-off analysis is required to ascertain the best way to combine or select sensor data for
the system tracker.

The basic data integration problem is illustrated in Figure A. The set of sensors
may be the same (homogeneous), i.e., all 3D ATR systems, or they may be a mix of 2D,
3D, or multistatic sensors. For the general case of multiple sensors, the radars may be
spatially separated by large distances (miles) or they may be co-located within a few feet.
Also the data rates may or may not be synchronous. For a set of ATR's, the network
would most likely consist of spatially separated systems. If other types of surveillance radars
are brought into the net, then there is a chance that an ATR may be co-located with a long
range 2D radar. As a result the effects of both co-located and spatially separated radars
must be consids.red in the design of a system tracker.

The fundamental problem is then to determine the best way to combine or select
detections and/or tracks prior to processing by the System Tracker so that the maximum
accuracy is obtained for all possible target states. A few of the system tracker input
alternatives are shown in Figure B for the simple case of two sensors.

The advantage of combining equal variance, a2 data samples from two or more
independent sources is easy to see since estimation theory states that the resultant variance.
aT, is ao divided by the number of sources. This method of combining data, however, does
not account for data arrival time, it presupposes that time has no effect on variance reduction.
Analyses must be done to determine whether data arrival time, which may be periodic or
random, has a significant impact on obtaining accuracy improvements sufficient to justify
combining data.

Under certain conditions it may be better to just select the most accurate radar.
Combining good data with very bad data would yield no improvement in accuracy and would
use very valuable processing time needlessly. The questions that must be answered, however,
are when does one combine or select data and where is the dividing line between the two?

The siting problem becomes an issue in the ATR systems since they are mobile
and quickly moved to new sites. For an ATR surveillance net when the radars are spatially
separated by relatively large distances such that the radar coverage profiles are restricted by
shadowing and noncomplimentary fields of view, then the optimal data combining method
may be track-to-track. However, under some conditions detection-to-track may be better.
The underlying issue here is the effect of the radar registration bias errors on the method
of combining data. Again an optimization analysis must be'done taking into account the
registration errors.

In summary, the pacing problem with any automatic and adaptive multisensor
system tracker is the method used to select or combine the data going into the tracker. The

5-8

~.. .p.°



solution to this problem will allow one to perform a military worth analysis on any

multisensor configuration and decide the best methods for data selection or combining. In
the process, since the methodology will be optimal, the design chosen will provide maximum
performance with minimum processing cost.

SENSOR DET OR TRACK

SENSOR D ET OR RAKMULTI SENSOR

NO. 2 I
ADAPTIVE SYSTEM TRACK
SYSTEM (ONE TRACK/TARGET)

T USER FOM

0 ACCURACY
0 RELIABILITY

STIMELINESS
SENSOR DET OR TRACK COMPLETENESS
NO.n

Figure A. Data integration is of prime importance in a multisensor system

S DET RADAR

DETECTIONS'
SELECT

TRK RADAR2 TRACK,

DET SYONE SYSTEM TRACK

YSTEM PER TARGET
2 DET:TRACKER
2/

S TRK
COMBINE 1 SYSTEM ,

1 DET SYSTEM - SENSOR NO.1

TRK TRACKER 2 - SENSOR NO. 2

Figure B. Input alternatives for two sensors
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5.4 SYSTEM TRACKER FIGURES OF MERIT

An important task in performing an operations analysis of the multisensor adaptive
system tracker is that of defining the system figures of merit from the users point of view.

Generally the users of modern radar surveillance systems are intereste, in the
information derived from the time history of detections (tracks). Such information addresses
the target's position, velocity, course, etc. To assist the decision maker in optimal allocation
of his resources, several features of the track are desirable:

- Speed at which tracks are formed
- Accuracy of the track
- Consistency of the track
- Track endurance
- Speed of track deletion when the track is no longer valid
- Freedom from false and redundant (two or more system tracks on the

same target) tracks.

The system figures of merit must reflect these design characteristics in non-technical language

that the user can understand. Furthermore, the design figures of merit for the entire
multisensor tracking system must be related to and be expressible in terms of the system
figures of merit.

An example would be the system figures of merits for a track-while-scan (TWS),
3D surveillance radar tracking system. They are:

* Accuracy
* Timeliness
0 Reliability
* Completeness

A similar set of system figures of merit must be defined for the multisensor adaptive system
tracker since the measures of effectiveness for any system are a function of the figures
of merit.
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5.5 TWS SURVEILLANCE TRACKING PROCESSES
Multisensor system accuracy is dependent upon the state estimation process in the

system tracker.

There are six tracking processes within a modem TWS surveillance radar tracking
system. The tracking processes, illustrated in the Figure are:

- Smoothing

- Prediction

- Coarse Association (Correlation)

- Fine Association

-- Track Initiation

Track Deletion

The keystone to the entire tracking system is the state estimator, which includes the
smoother and predictor. Ideally, the total surveillance descriptioh presented by the tracker
should describe the target states with infinite precision and have zero delay. Because of several
factors such as target (state) noise and measurement errors of the sensors, the ideal description
is unattainable: it can only be approached in a physically realizable design. One such design is
the Best Linear Unbiased Estimator (BLUE) tracker: A tracker whose tracking gains are
optimal and adapted on every update, and, further, a tracker that can handle variable update
rates.

When compared with classical tracker designs, the adaptive BLUE tracker offers a
severalfold increase in smoothing and prediction performance because it has:

a) Minimum transient response (a critical factor for low flying threats)

b) Adaptivity to changes in the environment and threat tactical variables
(maneuver following and missed detections)

c) High system accuracy for the total track population (primary figure of nerit
for state estimation)

The last attribute distinguishes the adaptive BLUE tracker front other optimization
criteria that have been used in designing tracking systemn. For example, trackers have been
designed that are optilnum for constant velocity targets, constant acceleration targets, or
specialized targets such as tactical ballistic missiles. These criteria are generally valid for single
fire control units where a one-on-one situation exists. An assessment of the tactical situation,
however, dictates that the total track population be presented with the highest precision
possible. Surveillance radars therefore necessarily have tracking requirements that are quite
different from those of fire control radars.
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For very large track populations, it is not cost-effective in terms of time and/or
memory to optimize each track. The BLUE methodology, therefore, accounts for the total
population to produce a design that maximizes performance and minimizes processing cost.

The ultimate multisensor system accuracy will be determined by the state estimation
process in the system tracker. The optimal state estimator may be designed using the BLUE
methodology, but it must be preceded by an operations analysis to determine the best
coordinate system, the threat mix and trajectories, the data rates, the order of the tracker and
effects of the ECM environment.

One of the dominant issues here is the selection of the best coordinate system for
the system tracker as well as the entire multisensor network. An additional consideration is
the effect of radar registration bias errors on the final system accuracy, and whether the choice
of coordinate system will further influence the registration errors.

Modem estimation theory indicates that the order of the state estimator should be
matched to the order of the expected state variables, that is, the target dynamics. In Kalman
Formalism then, the order of the known dynamics is modeled in the deterministic state
representation and the uncertainty of the state order modeled in terms of state noise.
Inasmuch as the order of the dynamics varies from one coordinate system to another, it is
important to select the coordinate system that gives the lowest order. The lowest order not
only simplifies the computational burden but more importantly it gives the greatest accuracy
estimates. For example, a far greater position estimation error occurs when applying a third
order tracker to a second order process than when applying a second order tracker to a third
order process. Since most aircraft exhibit second order dynamics most of the time relative to
the earth's tangent plane (excluding ballistic trajectories and evasive maneuvers), the problem is
to develop a second order tracker that adaptively corrects for acceleration when higher order
unknown dynamics are present.
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Another important multisensor issue is the impact of the ECM environment on the
state estimation and association processes. Noise jamming will increase the variance of the
state estimates which in turn will affect the association gate size. This then requires that the
state estimator be adaptive to large changes in the measurement noise and must further be able
to detect these changes to that the association processes may also adapt to these changes.

CORRELATED 1ASSOCIATION I UPDATE

TRACKS TRACKS

ITRACKS DELETION

TRACK INITIATIONEXRATE AUTO LUE TO°
PLOT & CORRELATION INITIATE SMOOTH & MULTISENSOR
PARAMETERS PROCESS PREDICT CORRELATION

PREDICTE PAAETR

CLASSIF ICATI ON

~PLOT DATA" CK

VERIFICATI

PROCEOSEES

5-1

L PREDICTED PARAMETERS
SYSTEM

TO OTHERCOTL

RADARI

PROCSSES Tracking processes used to correlate and estimate track position
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5.6 ASSOCIATION AND AUTOINITIATION PROCESSES

The association processes (also known as correlation and association) have a major
influence on system tracker accuracy and reliability.

The state estimator is dependent upon the association processes providing it with the
correct detection and track pairs during each track update. An incorrect pairing or a mnissed
association would reduce the accuracy of the track. Therefore, an important design figure of
merit for the association processes is track life. It is a measure of effectiveness that shows
how well the association processes can correctly update a track without a miss. This then
stipulates that the association processes must be adaptive to changes in the environment since
radar measurement errors, tracker prediction accuracy, and the target dynamics are variable and
not fixed. Furthermore, the association processes must also be adaptive to 'the clutter and
ECM environment.

Just as the state estimator was dependent upon the association processes for correct
detection and pairings, the association processes are in turn dependent upon the state estimator
to provide accurate predictions, maneuver following information, and missed detection
capability. The state estimator together with the association processes form a closed-loop
system (known as the track update loop) that must be adaptive to changes in the environment.
As in the case of the state estimator, the coordinate system will be critical in determining the
optimal association gate size, shape, location, orientation, and numbers.

.One of the primary design figures of merit for the association processes is the
probability of correct association (PCA). To maximize this quantity, the association gate
geometry must be such that it maximizes the probability of capturing the detection and,
simultaneously, minimizes the probability of including false or unwanted reports. To achieve
this the gate size, gate shape, orientation, and the location must be optimized for the selected

p coordinate system.

Other important issues include track resolution, track selection, false tracks, switched
tracks, lost tracks, and missed tracks. Track resolution is especially important since the multi-
sensor adaptive system tracker will determine the target resolution capability of the entire
system. The technology issue involved here is the fine association process. Coarse association
sorts detections in the radar coverage volume into optimal identification space. So long as
there is only a single track and a single detection there is no problem in correctly associating
the two. When there are multiple overlapping tracks with multiple detections, however, the
fine association process is needed to select detections to match with each track. The problem
is that an algorithm that can perform the correct pairing of detections to tracks in real time
and on a tactical computcr system does not exist. Further research is required in this area
since the ability to resolve targets is dependent upon the fine association process.
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An adaptive association algorithm known as SEA l (surveillance eclectic association)
has been designed for use on a shipboard TWS 3D surveillance radar and is currently under-
going tests at a land based test site. The design is significant in that it is fully adaptive to
the environment. The association gate size is adaptive to changes in the clutter environment,
target state (maneuvers) and missed detections. The SEA algoritlm operates in conjunction
with the BLUE tracker to form an adaptive closed-loop track update loop.

The basic association gate sizing equation used in the SEA design is shown in
Figure A. As can be seen, the gate is primarily affected by the radar measurement accuracy
and the tracker prediction accuracy. For the multisensor case an additional error term will
be included to account for sensor registration bias error. When the multisensor system is in
an ECM environment, the increased variance caused by noise jamming will affect both the
measurement accuracy and the prediction accuracy. The statistical constant is selected based
on an operations analysis of the tracking environment and is used to adjust the gate size to
balance performance requirements against computer processing cost. The maneuver following
and missed detection terms are enabled only when the BLUE tracker has detected either a
maneuver or a missed detection.

Increased performance demands on reaction time and clutter rejection capability
have a direct effect on the track initiation process. For a high false track environment, a
critical element of the system reaction time is the amount of time from initial detection of
a target to firm track status. This time interval is called the track initiation time. The time
required to initiate a track directly affects the rate at which false tracks are established and
the probability that real target tracks are established.

Therefore, the basic tradeoff that must be made for the multisensor adaptive
system tracker is between track initiation time and the rate at whicli false tracks are
generated. In addition, since the threat, clutter, and ECM environment can vary widely, the
track initiation and deletion processes must be adaptive to ensure tflat the system false track
rate is maintained at a constant rate. Maintenance of a constant false track rate is an
important figure of merit.

The track verification process is an important adjunct to the autoinitiate function.
Reaction time can be shortened by utilizing target position, velocity, and acceleration data
from' the tracker state estimator. Other information, such as derived trajectory estimates and
special application of wideband signature modes, can be utilized to further classify tMe target
as a potential threat. The target classification function can then be used with the other
track data to verify track and complete the autoinitiate process. Details of track verification
are included in Section 5.7.

1ITT-Gilfillan, SEA (V4879) Association Process for AN/SPS48C, Contract N00024-77-C-7159.
To be published.
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5.7 TRACK TECHNOLOGY ASSESSMFNT

There are issues in all sir areas of the tracking process that must be dereloped in
order to suitably perform the tracking fiuiction in the A TR.

The tracking technology discussion has focussed primarily on the issues confronting
the design of a cost-effective multisensor adaptive system tracker. The major tasks that need
to be performed to develop a methodology for multisensor adaptive system trackers arc
as follows:

" Perform operations analysis and develop performance figures of merit

* Perform data integration tr.Je-offs

" Fstblish registration error budgets

* Coordinate system trade-off analysis

* State estimator optimization analysis

* Association optimization analysis

* Initiation and deletion optimization analysis

& Design computer simulations

* Perform cost-effectiveness trade-offs

* Perforn military worth analysis

* Design system tracker

* Perforn evaluation of system tracker.

The last five items are included to complete the process leading from operations
analysis to an engineering design and the performance evaluation of that design. The com-
plexity of the problems are such that computer simulations will be necessary to perform the
operations and optimization analysis for each of the track functions. Additional computer
simulations will be needed for the trade-off analyses and performance evaluations.
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5.8 TARGET CLASSIFICATION

Target classification is an integral part of the track verification process and can be
signiJfwantky enhanced through special wareform applications which proride wideband polari-
:ztion sensiti'e target signatures.

The need for rapid automatic assimilation of target data, both for single and mut;-
sensor system configurations, has been underscored in the previous topics detailing the
operation of the track function. Target track data with all of the available correlated
cooperative and non-cooperative identification information is essential to timely assessment
of the threat environment. Target classification is an integral part of threat assessment, but
functionall. it is also part of the track verification process as shown in the Figure. The
track verification process has a direct effect upon the probability of track initiation, the rat,
of false track initiation, and on tile time to initiate track. During track initiation, the track
verification process is utilized to establish tile track in tile most effective manner for a given
target class.

As noted in tile Figure. tile target classifier function receives position, velocity, and1
acceleration estimates from the BLUE tracker function. These estimated target position
moments are then operated upon to derive an estimate of the target trajectory, which is also
input to the classifier function. These initial track parameters are then utilized du' lg the
autoinitiate process for special mode control of the waveform and signal processor functions.
In pariicular, inst:ntaneous wideband waveforms c:m be transmitted from which range-spread
Doppler-spread, and polarization sensitive signatures can be obtained for selected initial target
tracks. These special target parameters, noted in the Figure, can provide additional valuable
information ftr a more rapid assessment of target class. I

In m multi-sensor configuration. similar inputs from other radars in the network
would be utilized to enhance the track verification process. Other data such as derived from
IFF or jTIDS could also be utilized. Once the auto-initiate process has been established for
a given target, tile types of target classification information available would be as noted in
tle Figure. For threat evaluation purposes, tile following data should then be available
within tile system:

I) Target Position
2) Target Velocity
3) Target Acceleration
4) Timle at which data was valid
5) Confidence level for target parameters
o) Threat Assessment Factors, including derived target classification and

raid size determination
7) Jam Strobe data
8) F('('M Status (on a sector-by-sector basis, including which anti-jam features

the radar has automatically selected)
Q) IFF/JTIDS data.
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Although all of the items listed above are important for threat assessment, the
remainder of Section 5 will be primarily concerned with the use of the special target
parameters in determining target classification. This is occasioned by the fact that major
technology emphasis will lie in the processing of polarization sensitive range/Doppler-spread
signatures, and in the concomitant development of target classification algorithms.
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5.9 WIDEBAND TARGET SIGNATURE CLASSIFICATION

A technology assessment of target classification utilizing instantaneous wideband
signature responses shows sufficient promise for inclusion in a post.1985 multi-sensor radar
network.

Non-cooperative target recognition was discussed in Section 4.6. It was noted that
a post-1985 deployment schedule would be problematical in meeting the desired long term
objectives for target recognition. This conclusion was based on the presumption that the
target would be "precisely" identified as a BQM-34A drone, an F-4 fighter aircraft, etc. An
interim solution call be achievable, however, by utilizing data obtained with an instantaneous
wideband waveform as an adjunct to the track, jam strobe, and IFF/JTIDS information. This
basic approach is shown in simplified form in Figure A.

Given that a preliminary track has been established on a target, the radar can, under
the special track mode controls, transmit an instantaneous wideband waveform of nominally
200 to 300 MI-lz confined only to the track region of interest. The transmit-receive
polarization states are also controlled to facilitate clutter processing and target discrimination.
Wideband data would then be collected in a high speed memory which stores and processes
data only in the 3D tracking gate. The collected wideband signature data can then be read
out of a memory at a much slower speed to implement the signal processing functions of
spectral filtering and pulse compression. The implementation of the latter two functions can
be simplified by utilizing velocity estimates from the BLUE tracker.

The wideband target signature, track data, and other pertinent data would then be
evaluated in a threat classification algorithmr. The desired output would then be classified into
one of' several broad categories; for example, fighter aircraft. bomber, helicopter, missile, etc.

Utilization of high speed data collection over a limited range extent with tile
subsequent slower speed signal processing, is intended to accommodate existing and near term
advances in component technology. These factors are discussed in Section 6.4.5. The
remainder of this topic will be concerned with target classification trade study issues.

Target Classification Considerations

The approach to target classification suggested in Figure A. would involve utilizing
polarized high slant range resolution target signature data. Representative data can be found
in the final report on Tactical Aircraft Identification.1 Several examples are noted in the
accolipany;ng figures as cxcerpted fron the referenced report. The data shown were derived
from polarization sensitive models of the BQM-34A target drone and the F-4 tighter aircraft.
The computer outputs correspond to a frequency of 5500 Mltz, with an instantaneous
bandwidth (f' 320 MIlz (range resolution of - 0.45 meters). In these figures, the target
radar cross-section is plotted as a function of slant range. Zero range corresponds to the
target center-of-gravity, with negative range closest to the radar along the line-of-sight.

I hid. Section 4.(
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Figures B, C, and D are cross-sectional cuts of the drone signature for a
horizontally polarized radar. The cuts are at yaw angles of 0, 45 and 90 degrees respectively.
holding the pitch and roll angles at zero degrees. Figure E shows a broadside view of the
F-4, which is remarkably like that of the drone. The shape is wider (3 meters versus 1.2),
and the cross-section amplitude is greater (9,000 versus 2,000 M2 ).

This small sampling of high range resolution signatures highlights some of the
problem areas inherent in the target classification process. For a given target, the dynamic
range of scatterer cross-section is 30 to 50 dB. This can be even higher over an ensemble of
targets. Another severe problem is the variation of the videband signature with target aspect
(pitch, roll, and yaw). To avoid smearing or distortion of the signature, the data collection
should be accomplished over as short a time interval as possible. This is particularly true for
maneuvering targets, and for high speed targets crossing the radar line-of-sight. In this regard,
data collection utilizing instantaneous wideband signals is clearly superior to frequency stepped
narrower band signals transmitted over the same total bandwidth.

The above issues, wide dynamic range of target scatterer cross-section and variation
with aspect, present fundamental problems in hardware and algorithm development. Assume.
for example, that it is required to distinguish 0.1 m 2 scatterers in the presence of receiver
noise at a target range of 87.5 nmi. With the existing baseline parameters, there will be a
10 dB s/n ratio for the 0.1 m 2 cross-section. It is likely that 10 dB may not be adequate
for providing the required degree of signature discrimination, noting also that many scatterers
are less than 0.1 m2 . The resultant average transmitted power would then have to increase
to more than 50 kW, pushing the peak power to better than 500 kW. Alternatively, the
5 kW waveform could be used with longer dwell on target for coherent integration of ten or
more pulses. This would increase the data collection time to more than 25 msec, which may
be too long in preventing signature smearing.

The above is further complicated in an ECM environment of jamming and/or chaff.
Even moderate stand-off jamming may require a factor of two increase in available average
power. The effects of chaff are reduced by the wide signal bandwidth, but this is nullified
when the target aspect results in very small scatterer cross-sections. It is expected, however.
that the velocity estimate provided by the tracker would significantly enhance spectral
filtering of the chaff backscatter.

Another fundamental consideration is the sidelobe structure of the intrapulse coded
waveform, as it relates both to the single and multiple target situations, Referring to the
target signature profiles, it is noted that the variation in cross-section between scatterers can
be more than 10 dB for a fixed target aspect. Consequently, the larger high resolution
scatterer range sidelobes can interfere with and change the signature response within the
smaller scatterer regions. The allowable degree of such inteiference remains to be determined.
A rough estimate, however, indicates better than 30 dB down sidelobes would be required.
The trade issue here would be the high peak power required and/or a long duration data
collection.
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5.10 TARGET CLASSIFICATION TECHNOLOGY ASSESSMENT

The subject of target classification utilizing instantaneous wideband responses,
poses many trade study possibilities.

Even if the hardware issues can be resolved, the problem of developing a target

classification algorithm with a high confidence level still remains. Within the realm of

nicrowave radar, it has been prominently noted that the use of additional discriminants

such as phase and polarization enhances target recognition, and can drastically reduce the

probability of misclassification.I Consequently, the hardware/software trade issues will deal

heavily with the utilization of wideband coherent signal processing, and with target signature

response as a function of the radar transmit-receive polarization status. Although Doppler-
spread signatures will ultimately play a major role in two-dimensional radar imaging, it is
felt that the longer required data collection time coupled with increased processor complexity
will restrict its use in land based tactical radar applications for the post-1985 time frame.
The system technology trade studies pertinent to target classification are outlined below:

a) The variation of signature response with aspect and polarization must be
determined for a variety of targets to provide a first order estimate of
dynamic range and allowable time for data collection. This study requires
six man-months and 12 calendar months.

b) Development of target classification algorithm utilizing target signature
responses in single target environment. Assume noise free system and
knowledge of target aspect from which to infer class of target within a
population of various classes. Also, utilize track data (course, speed, altitude,
maneuver, etc.) as an aid in threat assessment employing simulation of
realistic target scenarios. Utilize range to target and received signal level for
estimate of scatterer cross-section. Determine accuracy required to bound
target aspect within acceptable levels. Determine efficacy of polarization
discriminant. This study requires six man-months and six calendar months.

c) Expand on (a) and (b) above in a noisy environment to determine require-
ments for radar power, dwell on target, and dynamic range. This study
requires three man-months and three calendar months.

d) Expand on (c) for operation in chaff to determine level of spectral filtering
required. This study requires three man-months and three calendar months.

e) Development of an algorithm in a multiple target scenario. Determine
requirements for waveform sidelobe response and intrapulse structure. This
study requires 12 man-months and six calendar months.

f) For all trade studies, determine hardware configuration and relative cost.
Configure algorithm for operation in multi-sensor network for each case.
This study requires six man-months and six calendar months.

ITAI(1978)

5-30



In summary, the major issue which must be resolved is whether the target
signature response, in conjunction with other track data, will provide sufficient discriminants
to insure a high confidence level for target classification. This must be accomplished over
a large population of target classes over all possible aspects, and in a timely fashion for
tactical purposes. To facilitate the above, the suggested instantaneous wideband approach
operating in a multi-sensor network shows sufficient promise to warrant further investigation.
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6. BASELINE SUBSYSTEMS AND TECHNOLOGY AREAS
6.1 ANTENNA
6.1.1 REQUIREMENTS AND PERFORMANCE CAPABILITY

The A TR antenna must be designed to provide functional and operational
survivability in the tactical environment while meeting the performance requirements for
the 1990's.

The antenna design is probably the unit that is the most strongly influenced by the
system requirements. Perhaps the most improtant example of this premise is the high data
rate required for track-while-scan (TWS) operation. Mechanically scanning antennas are
precluded by this specification, as well as by the need to avoid visual detection. An elec-
tronically agile beam directing approach in both planes is therefore required. Another import-
ant need is for low sidelobes, particularly in the azimuth plane, to counter stand-off jammers
and ARM's. Wide bandwidth for LPI and target recognition narrows the choice of design
approaches considerably. While not specified directly, polarization agility becomes an implied
requirement because of improved performance in ECCM and target classification. The Table
opposite lists the requirements imposed upon the baseline ATR antenna. It should be noted
that the high performance alternate system, described in Section 8, utilizes the same antenna
but with the addition of components that allow adaptive beam forming.
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Table L Requirements and Performance Capability

(One Antenna Face)

Parameter Requirement Comment

Operating Frequency 5.3 to 5.9 GHz Available

Instantaneous Bandwidth 400 MHz Available

Scan Range:

Elevation .10 to +600

Azimuth ±450

Top Cover Antenna 3600 az
60 to 90 el

Sidelobe level <-50 dB intercardinal Needs improved lens
and az cardinal planes design to achieve

SL performance over
<-30 d8 el cardinal scan range and freq-
plane uency band.

Data Rate:

Search (250 targets) <10 sec Need lower losses to
achieve required

Track (50 targets) < 2 sec effective PA product.

Line Losses:

Transmit < 5 dB Need lower loss
switches, polarization

Receive < 6 dB network and receiver
components.

Power Handling 5 kW avg Available.

(Out of Transmitter) 50 kW peak

Random Phase Alignment and 40 and 0.25 dB al Need new alignment
techniques, dynamic

Stability (relative) 20 and 0.12 dB az monitoring and con-
trol techniques.

Aperture Size 12 ft wide x 13.3 ft high Available.

Polarization

Transmit Any elliptical Available,

Receiver Diverse multiple ellipitical
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6.1.2 BASELINE ANTENNA DESCRIPTION

Four arrays are anticipated as being the op'imum configuration for the baseline
antenna.

The baseline approach that best meets ATR system needs is that of a four faced
planar array with solid-state distributed amplifiers. The antenna parameters are given in the
Table following:

Antenna Parameters

Width 12 ft

Height 13.3 ft

Element Period Vertical 1.15 in.

Horizontal 0.84 in.

Number of Columns 171

Number of Rows 138 (276 for polarization agility)

To achieve 360' azimuth coverage it is anticipated that a four array configuration
is optimum. This conclusion is based ol a compromise between the total number of arrays
and the azimuth scan range of each array. For wide angle scanning the loss of aperture and
impedance matching becomes intolerable thereby imposing a limitation on the signal bandwidth
and side lobe performance.

To obtain the necessary electrical tolerances to achieve the ultra-low sidelobe
performance in azimuth, it is desirable to distribute the amplifiers in the elevation plane.
(the original distribution was in the azimuth plane.) This concept was necessary since it was
found to be very difficult, (perhaps impossible) to maintain the phase and amplitude variation
through all solid-state modules within acceptable limits to achieve low azimuth sidelobes. In
the elevation plane the sidelobe performance is less critical. Figure A shows the conceptual
design with the ability for polarization agility. A conceptually simple phase and amplitude
control circuit shown in the diagram permits any arbitrary polarization to be achieved on
transmit. On receive the orthogonal polarization components are processed independently. Thle
received signals from each row for each polarization are combined in two simple lenses and
fed to a pair of receivers RX I and RXi as shown in Figure B. Implementation in this
manner permits independent polarization processing to be carried out for maximum target
enhancement.
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An estimate of the losses for the baseline system is given below:

Polarization control circuit 1.6 dB

Output 10 way combiner 0.4 dB

Azimuth Switch 3.2 dB

Azimuth Lens 0.5 dB

Feed Lines to Radiators 1.0 dB

Total 6.7 dB
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6.1.3 AZIMUTH LENS DESIGN

Beam forming in the azimuth plane is done in the most cost.effective manner with
Rotman lenses.

True time delay beam steering is required to meet the need for wide instantaneous
bandwidth. A Rotman lens is well suited for this application. A preliminary design of a
wide angle scanning Rotman lens has been obtained giving the desired low sidelobes in
azimuth. The ultimate performance relies on the optimum excitation of the input subarray
and the final elimination of multiple internally reflected and diffracted rays whose primary
influence is to limit the achievable bandwidth. This is an area which will require further
investigation to obtain a better understanding of the mechanisms involved in order to achieve
a design which also permits low sidelobe performance to be achieved over the frequency band
of interest.
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6.1.4 AZIMUTH 111AM SWITCHING UNIT

.4 switching net work comprisving phase shifters and sAmpl switches i. ernisaged which
oIffers the' fk'.rlblliir of fine beam steering necessary- for use in the finte track mode.

A nukior component tit tile design is tile azimuitth becaml switching unlit. Somei
conipI.exity is reqIuired to achieve theL sidelobe requirenie.nts sinice it is necessary it) excite
mnultipke input ports. A satisfactory inatch to thle ideal local pne tirlds is obtainied by
exciting typically a1 threc-elemlent subarray . although this needs to be increased to tolff near
thle extivemnes of, tihe scanl ranlge.

Fach row oit radiators is driven bN a Rotmnim tels where thle azimuth beani direct ion
:s con trolled by thle a,'immrt hI switclh. To achieve title bcai steering increments ot 0.25
bcamwliidtib . a variable power divider is reqired lin tihe switching unit. A niethod oit achieving
this is illustrated inl thie ligire and is a kcomlbinlationl of* phase Sifthers, directional couplers anld
SIP 4 V tsingle pole tour11 throw) switciie . the alimiiIII aperture (listriuionl desire'd It, It icd tile

low\ a/iiitti sidelobe pet forilaue is derived by optimumlil de'sign oft thle tlns and thle appropr~liate
e w'it atI oI tt (Ithe iii p it Su ti-a rra\ . Howeve r. lin e ev ., tion a different a pproach Iis deem ed to
bie mlote conivenlient. Ill order to generae thle 50. k W peak power. pet array, (hle use of'
d ist ri Iiit ed solid-state aip1 ifities is proposed . F ilis a pproacti afIto rds a con ven ieni anrd e flicie il
mlethod oft derivinig thet elevation dist ribiutiom by tapering thle numberI)C of identical mlodules inl
.aeli row% tee d AicOSS (lie .irrao . Prec liltinary c-alcul1.itiolls sliggest that1 approinliatel\ 10

itlen i a I In)Ot Iile S. ead) !!i iIn)' .i pr0o\ ii1ate1 Of5W o f peaIk powe, ar d triven in11 pa rallel .11
thle Center01 tithe( arri\ Mille reduicing? the numllber inlC each row\ twards thle edlcs of' the
array V. tllis t eclnquelk ena.bles a COurse aipproimlationl to the desired dlistribuitioni to be
achieved wvlulil is then smloothled out IN adju lstmenlt, ofkt thle tranlsistol collector voltages, giving

a power variation oft I dtl liuamiiru. In thle vic~inll it' ofi le edges, Mhere on itloe mlodule
e\ists inl each row, it is prloposed that a1 t tnatio itIs inserted Inl the lines. Sinlce tis oruIN
applies to a ruloder .tel\ smlall numb111el of1 the kdemerit11s wh1:rc thle power is alread\ at a low
levelk , the( aIssociaed lOS of gainl is predlicted to approiFrniIalelv 0.3 till. Ihle aiinIuthI aperturev
distributiont IS deived h\ %lirctiil dei.\gmi of the Rot mian lens teved itha thle appropriate
eVVALt)ii of' ire inlput Suir lIvcss;I\ Ito derike tlie described low sidelobe patiter.
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6.1.5 FAILURE ANALYSIS

The distributed solid-state array concept in principle would appear to be an
extremely satisfactory solution to meet the future requirements of the Advanced Tactical
Radar.

The presence of the large number of components raises the question of reliability
and the effect of certain failures on antenna performance is examined in the paragraphs
following.

The beam weighting and switching scheme consists of diode phase shifters for
amplitude control and SP4T switches. The digital phase shifter circuit is shown in Figure A.
The failure of one diode will essentially result in the loss of that particular phase bit. This
condition will lead to an excitation error of the amplitude distribution at the input sub-
array to the elevation lens. It will not however, have a significant effect on the wide angle
elevation side lobes since the distribution function will still be smooth, but will affect the
fine stepping of the beam. The net effect on the total array will be minimal and it is
anticipated that the antenna performance will not be significantly degraded. Perhaps the
most significant feature will be increased VSWR in the row which will influence the signal
bandwidth. It is concluded that the failure of one phase shifter can be tolerated while
maintaining near full performance of this array.

The SP4T switch shown in Figure B is considered to be the most critical compo-
nent. In the event of diode failure it is important that isolation properties of the switch be
maintained. This isolation can be achieved at the expense of increased insertion loss in the
"On" position in the event of a failure. Sidelobe performance will be maintained. The fail-
ure of a single switch near the center of the array will be most significant but even here the
peak side lobes are not expected to increase above -5 dB. If isolation is not maintained
between output ports of the switch, a constant relatively high side lobe will be produced in
space.

Consider now the effect of failure of one solid-state module. Figure C illustrates
the distribution of the modules across the array in each row. The central fourteen rows
possess 10 modules in parallel. The effect of a complete module failing will cause the
power to decrease by about I dB. The design concept allows the power to be varied by
up to I dB and, quite clearly, the remaining modules can be driven to compensate for the
power loss. Conversely, at the edges of the array the single module will give a power -10 dB
below the central region but to sustain the aperture taper necessitates in excess of 20 dB of
attenuation. The complete failure of a module in this region will also have an insignificant
effect. The most critical region occurs in the vicinity of the 27th element where the full
power is required from the module and, in the event of complete failure, a gap is produced
in the excitation of the array aperture field. This field results in a sidelobe level of approxi-
mately -44 dB. Figure D shows expected sidelobe performancez in elevation for the complete
failure of a single module as a function of the position of the module.
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Figure A. Stripline fire-bit phase shifter
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In practice it is expected that the complete failure of a single module is highly
unlikely. Based on current predictions a single module will comprise about 10 transistors.
The failure of N transistors will lead to a power output from the module.

Po = Pmax (10 - N/10) 2

Consider P modules per row where Pmax is assumed also to be 10 then the power
output per row in the event of one transistor failure is given approximately by

Po = (P - 0.1/P) 2

In the central region P = 10 gives reduction of -0.l dB while near the 27th row
P = I gives reduction of -i dB. Once again, taking into account the aperture taper, and the
availability of voltage tuning it is calculated that 16 single transistors distributed at random

through the array can fail before the wide angle sidelobes rise above the desired limit of
-55 dB.
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Figure D. Expected sidelobe performance (elevation) for complete failure of a single module
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6.1.6 RANDOM ERROR ANALYSIS

The array design provides ideal azimuth sidelobe levels which decay rapidly to below
-50 dB, and elevation sidelobe levels sufficiently below the -30 dB requirement.

Random errors irl the desired beam port voltages as well as errors in the intercon-
necting lines are known to raise the sidelobe levels, and must be controlled to insure meeting
the specifications. The elevation sidelobes are affected by random errors in the transfer char-
acteristics of almost all of the components from the vertical Rotman lens, forward to the
aperture. To meet a requirement of -30 dB, a random error sidelobe component of about
-40 dB rins is required. The resulting error allowable in the aperture is equivalent to a
random phase error of 4 degrees.

Note that these rms phase errors which can be achieved exhibit occasional peak
errors that are much larger. Also note that most of the components are capable of being
phase corrected during final assembly to achieve the budgeted error. The azimuth sidelobes
are perturbed by random errors in a slightly different manner. First, only selected compo-
nents contribute to the azimuth sidelobes; the horizontal beam switching network and the
horizontal lens and lines. However, errors in the beam port voltages caused by the azimuth
beam switching network causes changes mainly in the first few sidelobes and have a small
effect on the sidelobe envelope. Since a change in sidelobe level of about I dB has been
calculated to be caused by an error in voltage in the neighborhood of 1 dB, this error com-
ponent is expected to be negligible. Thus only random errors induced by the horizontal lens
and interconnecting lines need be considered in more detail.

Azimuth sidelobes are also perturbed differently than elevation sidelobes because of
the column and row arrangement. Most horizontal feed random errors are expected to be
different from one row to the next; similar error components are not usually caused by ran-
dom tolerances and will presumably be removed by proper component design. Thus, these
random errors are distributed independently over the whole two-dimensional aperture. The
resulting radiation pattern from the error components is similarly distributed over all of space,
rather than being concentrated in just the azimuth plane. This fact is significant relative to
maintaining low azimuth plane sidelobe levels.

For example, with the design of an ideal no-error sidelobe level component of
-55 dB, an allowable error component mis sidelobe level of about -63 dB is acceptable in
order to meet the operational requirement of -50 dB. Due to the two-dimensional weighting.
the resulting equivalent row phase error is 2.1 degrees rms. This is significantly less sensitive
than the vertical error of 4 degrees rms for a -40 dB rms sidelobe level.
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6.1.7 ANTENNA ALIGNMENT

The most desirable technique to ensure satisfactory alignment of the antenna is to
construct the antenna with the desired electrical and mechanical tolerances therek.' alleviating
a costly and time-consuming evaluation program. Since the potential benefits of such an
approach air enormous, it would be a worthy objective to meet this goal. and fabrication
techniques and mechanical registration problems. etc.. should therefore be given high priority
in future studies.

It is conceivable that even in the period of the next 5 to 10 years, it will not be
feasible to construct the antenna with the required electrical and mechanical tolerances to
achieve the desired sidelobe performance in production. Nevertheless. means of trimming the
phase and amplitude in the feed networks can be readily carried out provided these errors can
be predetermined in the apcrture by reliable measurements. It is assumed that the individual
components, such as the Rotman lenses. fecd lines to tile aperture and tile switching networks
%%ill be tested individually, and as integral row assemblies. The final errors, therefore. princi-
pally arise ;is a result of' coIectiions and nmechanical tolerances where tle compllet anite-na is
put together. At this stage it is essential to measure tile phase and ampiitude of the aperture
field to determine the locationi of tuaccptable error source.-. This method of ncastliremen
has. over the past years, ald is still currcitl. receiving tuch Aitntion as all alterniative tech-
itilue for deterininiing the radiationi characteristics of the antenna instead of ranlge tlasu re-
ments. The current state of the art, however, is such that at ('-Bald the sidelobe levels
caiot ie accurately predic ted below a level of allproximatelv -40 dli with any reasonable
level of' accur;cy. Nevertheless, with sufficient investment it is highly probable that this
techlique offers the best chance of success and is considered to be the most viable llealls of
evaluatilg the produhction antennas.
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6.1.8 TECHNOLOGY AREAS

While the .4 TR antenna as described can probably- be built with a'oda.) 's technoloy..
sereral areas can be explo~red to intprol'e performance and cut costs.

Thec basic principles underlying thle operation of' the Rotnian lens are reasonably well
known. Fven so. to design suich a configuration for operation over flit- desired bandwidth
while ninaming uiltra low sidelobies over a wide scan volumne is beyond thle cuirrent state of'
thle art. Thle effects tif internall% re flected an1d diffracted inultiple rays whiichi arise- bothi dite
to edge effects, coulpling between beami ports and souirce chiaracteristics needs tfurtIher stuidy to
obtain a better understandinig oft the miechianismi inivolved. Inl addition, basic differences e'~ist
betweenl thle diff ,erent typles of, techntology suich as mnicrostripl tn-plate and 1parallel plate wave-
guide. etc.. which lso) reate to cost. per-fonilance. loss and weighit, and clearly- a trade-off
stiudy needs to be carried ot It is envisaged thiat to fuilly address this piroblemi area a
com b1inied thecoretical and exivrniew al p~rogramn shiould be initiated whtichi is estita ted to
inlvolve two man11 year, of, effort inl order to reduice thle risk to a low level, since thiere would
apipear to be no fun1damlenital dif~ficuilty involved butt p~rincipally a lack ot available data.

Potential Methods of Loss Reduction

It is fimmediate Iv applarent f'romi thle fOreszoi sect ions thiat to mnaintain the desired

perfor-1mnce %ki thou t inlcreasing the p)ower-aplertuire p~roduict of* the antenna necessitates a
reduction of' thle insertioni losses thirouighout the systemn. 1Hiese losses are discuissed inl tile
f'ollimintg tparagraphls.

D~ielectric Material

At p1resenit .1 hoivci -deetrcmd turn is ~roposed tor all1 ot thle strilinle
appilicationls inl the B\ena lv cl1iaiin this mnediumil to an1 air-dielectric stripflinle thle losses
w\ould iinpr11o~ I' by apoilnatel\ Io t peet. lioNwever. phlysicalt\ impl)~leentinls somle oft thle
More coile\ cirliis iO\N bCcomeILs a prloblem1 beca1se Of' thle difficul1ty involI ed Inl packaginig
air-dietec tric striitie

Lowv Impledance Transmission -iiies

Additional imrovemients inl iniscrimn loss Canl be lVali/ed by tratisf-onning thelineIii
tin p1edanices to a lower valuec chiaracterist ic impejdan1ce to pierforn all1 of tile 9~1:' sigl1 p1Tocc-
mu1g. Inl doing cinls. one mu11st take care niot to allow the resuiltant line widthis to applroachi
X 4 to .uvoid unde'itred iiioding.

-New Switchiigz Nietliuods

then' is a possibiliy thtlit flte itisertioni toss ima% be iinpiro~ ed b\ titili/inii a difteicilt
s%% Itctuilug schcilic F'lits %\ ouild requ1ire aIdditionlal situdies inl new switchling methlods.



New PIN D~iodes

Addititonal sludie. in thle selection of' PIN diodes may result inl an improvement inl
insertion loss. ('fipl PIN diodes Ila\ list Iv a viable approach it'f methlods can bie de eloped
to protect the chip, inl a striplimne env\ironmllent without introducing addiltionlal plarastics

InI production, thle vintenna mill ircluire 1precision assorilv to nintaii stringet
Clectrical an lik challi ic al t ole ra ii cs inl o rder i to in cet the dlesired performance inl thle ficld,
Adequate Bl I F will inimediatel\ iden tif .\ thle preVsceI of' component failures andk select iw
redundancy \\ ill bie required to mnet the NI l'B1. h owever. for operat ion inl thle field, it is
enmisaged that perforimance \aria tions might occur. for eviample. (tile to enIvironmen ctal cags
and Lhl- namic testing should beC Incorporated. A*elatke simple probing techiqui~e could INC
ulsed wherebl. output signails troim eCh11 element Inl a row (01r column I11 are clit bied to give
an output \\hich is proportional ito thle radiated field inl a given direction. A.s thle Ivam is
Scannled t hroughi thle entire scanl rangie Inl any planle, a1 mleasure of thle sidelobe level would be
dieriv ed. ile ulse of' a th reshoklkt dtetector would permit a system malfunction to be, flagged inl
thle evenlt that thle ,idelobes Ilse to anl unacceptable \,ile. 1 Ins i- a critical area which carl\
needts turfther !nmestiga tion to enisure thle suiccessful operation oft thle radar inl the field



6.1.9 ANTENNA TECHNOLOGY RISK ASSESSMENT. SCHEDULE AND)
DEVELOPMENT EFFORT

-in, antennia configuration has been, presenited which meets the requiremnets of thse

11'w sgc'eratl. i Tactical Radar There are, nevertheless. critical areas in the conceptual design,
which nieed further study anid development in order to demonstrate feasihilit.1 wth a high
degree of confidence.

The techniology areas have been discussedi in the previous section andi an estimate of
the requiredt sttudy andt development effort is presented in tile Table.

Since thle feasibility breadboard demionstration would overlap thle study efforts, it is

estimated that a three-year total antenna development effort would be requiredl. This 'o
wvouldl be directedt at providing at feasibility diemonstrationi which would essentiall -prove- tile
critical antenna parameters and diesign. It is believed that thle elemlents associited with thfis
dievelopment program would be straight-forward and therefore low ini risk.

.-tntenna TechnoIoey Schedule and 1)em'lopmenut If fort

Calendar Time Mars Month
Item In Months Effort

Rotman Lens Design Improvements 12 24

Antenna Line and Switch Loss Reduction Effort 12 24

Dynamic Monitoring and Alignment Technique for i8 36
Low Sidelow Maintenance

Feasibility Breadboard Demonstration 1846



6.2 TRANSMITTER

6.2.1 SOLID-STATE TRANSMITTER REQUIREMENTS AND CURRENT
PERFORMANCE

The needs of the A TR for high performance RF power generation at low LCC are
best met with distributed, solid-state amplifier modules.

The transmitter approach selected for the baseline design consists of a distributed
(in the vertical plane) solid-state modularized concept. The module consisting of a number of
RF power transistors, has a 50 watt peak power output based upon minimizing the total
number of components and thus reducing cost and increasing reliability. An independent
transmitter is required for each of the four planar arrays and each traismitter being
distributed, is dedicated to an array face. Each transmitter is required to produce a peak
power of 50 kilowatts by using the appropriate number of modules. Amplitude tape-r in the
vertical plane is achieved by combining modules in numbers from one to ten. Taper at the
edges will require the insertion of some attenuation but with negligible increase in the overall
transmitter line losses. The preliminary requirements and current capabilities for the solid
state transmitter are summarized in the Table.

Most of the requirements are self evident and are d riv:ble from the system level
design. The phase and amplitude stability values are based upon MTI Improvement Factors
as produced by an 8 point FFT or OFT processor. The instantaneous bandwidth is derived
from LPI and non-cooperative target identitication requirements. The long pulse rise time
provides a measure of protection against ARMs by preventing the exclusion of ground clutter
multipath by an ARM leading edge gate.

The number of FET components per transmitter has been defined 6000 as a
reasonable goal based upon estimated technology in the post-1985 time frame. It would
appear that the smaller the number the better, as long as overall reliability is not
compromised. The transmitter MTBF estimated allocation is based upon a radar MTBF of
about 2000 hours.
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Solid-State Distributed Transmitter Requirements
and Current Capability Summary

Parameter Requirement Current Capability

Operating Frequency 5.3 to 5.9 GHz Yes

Instantaneous Bandwidth 400 MHz Yes

Peak Power 50 kW Yes

Average Power 5 kW Yes

Duty Cycle 0.1 Yes

Pulse Width 50 to 270 usec

Efficiency (dc/RF) 30% - 20%

Intra-Pulse Stability Probably can meet
now

Phase 50

Amplitude 0.5 dB

Pulse-to-Pulse Stability Probably can meet
now

Phase 50

Amplitude 0.5 dB

Pulse Rise Time 1 to 10% of pulsewidth Yes

FETS per Transmitter < 6000 > 40,000

Transmitter MTBF - 10,000 hrs Can probably meet
with redundancy
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.. SO! IID-STAUF~~I F KANSMITT'I'R I)FStRIP1'ION

l/he li~l osvtr ,..etniti',, sioliat.u ,t)oIuakx 'ff.r high rriiaili(Y and n:xc of
replacementa in a sma..ll, ,nilgeab/e pacAag.

A scheictat of' thle distrtibuted transmitter conceptunal decsign is shiown Ii igui- A
I clilemna rN mod uk's ale d tive fro m tile e1evaiol tlls anld ted ii iou gl a sw it ci it

Iiets%ork it thle 'iiniili tlls, FIhe ampl~litde distribuitionl of thle elemlents. optimi/ed fo0r low

ieiobcs, is show n In Figuire 11, [hlere are toul, con ilgut ations% of powet modules that Can bie
Used ito saislhN low sideclobe, systei'i. [he0 out put level of' each module has a dic- elt .et on
lilt numbin er of Itua nsis tor isto be uised inl tile antenina sy stem nF1it s reIa t ioisiip is slio wt iii

l"igit. e ( .It is obiviouls that Ilie Selection oft a1 5t) walt m1odule is the ittost cost --eC~ectine
approach. H1 111 11 aou t' f ower reCquired tot. eachl tow oft radliatorsN canl be obtained IN\

cot ii i ig a1 t nit ibet t it' odies. Fec liiij es tol coniblin ing muliit ipies ftront two ito e ight Iare
shown Inl FiIgure 1). 1 arger nunibel- tsio' comlbinling canl lie eeddby using the allow

techinitilie.

[hle iiniai \ konIdet atI~ions tot a1 (Aland ampl111ict inlodufe. are tile banldwidith ainid

power generationl File pertorman.11ce ot ti-poiai siliconl de itcs i, stsaco A 3.5 GII. and
below. [hle pett,0ini.ince det eriotatte.rpii above 3.5 GiI. Iw\o ternmnal devies, such as

iinp1"itt and hat diodes can opelate at ('-Ilant butl have Itt1iied etiieticWN

Ilhgii powet G.;as F* .: I's e \ ibit broad banld citatacteristics A ( -hand as typically
shown inl Figure F. Ill teetlit \0.ars, high power out pitt hlas beenl Ivaizedtb teauising lite

total gate with andk the diatti1-to sourtc breakdown voltage - Power output Calbe dloubted
ort ti-ipied by o COiOicc ig in u1tiipie ce i i wi iii inter nali mattcii itg t ccliii lites 0. liii-t her
inI11kipt-o eet is feC.Isible b\ using balanic ed c on figi ia! ions Recnt ac hiieve tuiit of' a bali iced
anitl tier. epotte1id inl i 1 'Q. iis ,;hOWn p)ower generiation ewseedling to svat is above S 1,111.
01ut1put power re11spns ver-sus (ktrequet icot' tile G a As IT[ F module technioiogp is shiown Ii
Figutvs F".

'A~ 50 waft MOi.. 1 dii iccaa e Coii tigmt ed withi high e t'i cie iic\ antd rIiai lift - ii igh
efficieticy is aehic'-ed h,\- s-iect ioll of etticient tratisistots and byN uitiliin tg a bmaliced
con figiu tat iol anid comin hi iii t ecuiii ques that e xliibil l ow ioss. - lIgh i-c iiabi it is accomplishedk
I'\ built -in rediiiidancv anid select10 ion ofIOW failure rate copnet f\1tyical SOCem.1ttic Is
shownii In igi-e G.; - ach transistor outpuit stage generates inl eceOs oft 5 w~at1% is- o obt .tt
50 watts at thle ouitput tt the coibitiet . otil\ 10 tit tile I I olitput stages ate activated
Fiheretor. tie stage is Inactive .ttid is uised for st aiidb opel on - Conlvenitional icrowave
NOWE'r comb11iners dot n1ot have flis fauilt tolerantf caplability (A special fiault tolerant comblitilet

is pi-esetit l tindter developtmenit at iIH ( ilfiliati). Some of' thle attractive chiaracterist ics oft'
solid sta.te sources ovewt It hernliottic device, such as a 1W]F ate,- highi MIBIK low no0ise .it10
low phase v.11.0tat itlde to fluctunation tt bias voltage. Sonic [VIA anliplifiers have beenl
tested ito show 0)00) flot's oft operatitng titte without ta.tlur1-t. Ihlis life is appi oxmatety
twice lite operatitig titte kit' a tpical l*W F. [hle power output anid operating currecnt
Variaioti as a1 Itutictiol tt timte is shiown inl Figure It

olI



z-

cc t

I It

0~ w

-I- M-I
Nwn

I 0

I zo

> to

iN~n O IISW3

-6-2



1,000

900

o800

o 700
.-J

2 600
I-

z

400
Li)

200

0 20 40 60 80 100 120 140

ELEMENT POSITION 138

Figure B. Antenna element amplitude

TRANSISTORS REQUIREMENT COMPARISON

10.000 -

8,000
-

z
0

cc 6,000
0
(,

z

2,4000

00

oo

o

50W sow 100W 150W
MODULE POWER LEVEL

Figure C 7thal transistor count v'ariation for four different modules

6-28

Z •,
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Figure A) A TR amplifier module, di;'ider/combiner
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PET TRANSISTOR PERFORMANCE
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Figure G. 5 0-watt redundant amnplifier module
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The phase noise and amplitude jitter of a given amplifier depends mostly on bias
regulation. The related sensitivity is 0.2 dB variation per 0.1 volt and 2.7 degrees per 0.1
volt. Relative to the requirement of typical radar systems, bias regulations better than
0.001 volt should be more than adequate even under strenuous MTI Improvement Factor
demands.

A tentative projection of 50 watt module characteristics is as follows

Parameter Performance

Frequency C-Band

Peak Power > 50 watt$

Duty Factor 10%

Gain 20 dB

Efficiency 20%

Pulse Width 270 psec max
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6. 2.3 SOLII)-SI ATF T'F(HNOLOPY AND) ESTIMIATF!) I*VE'LOPNIFNIT

While irtoductipo cif the sgolidste mnodule is technicals- feasible. a itfint effocrt
bet ivcnIW eig,,uu':~r and radar ,naufacturerm 4v required to preriide inotiles tailopred toj
A FR SIP(Tificatif mx

ile cons-ilruc lonl ot tile Jesinkd 50 Watt : odutle is not prI-act ical no01 e'onloni ical m
I B.unt bI I 108i, if is entirel> po~~sibk' that a ('-W11id solidi state elo~ice canl generate tMo

to three 11i11C.s tie po1 CIouput that is a~ ailaible mm.~ [his reality wlviiendl on umior
impro elients oft technolog> inl mu111tiple cell coniblil ing. monolithic combining,. upgrakding
t rain-to source brevaktio~~ii %oltage. Increasing tile effec tie dissiplation are.i. andi achieoing a1
redluction inl citcuit loss Rapidi 111t1i11itt inl I -Bintl deloie technlology was significanit b~ecauise
of a '% Cli idleitificd m1.ii-Ket .ind a strong conmiiiient 11w nume11rous solidi-state 'ice mann-il
factimiers. I ose m iiliv strong dlemiandsk at ('-14andi hla~ not beenl idlentified.

It %%onlid seemi them-efoicV that inl thle area of, ('-andi solidt staitetanite
de~elpnintthait a spc"ific effort related ito fihe Adhaniced tactical Radlar w~ill be requiredi

U sing d~e~clopiien t work t hat has beenl ACCOmp1,1lied inl I -Wind1k des ice techitiolog as a1 gidle-
line a rough proicction of thle ('-Wind effort call INfoClae A minimii of two
sem icon iiic for lion 1se s sli lk IN d be at ive inl device me search %k it h e ac I coin p'an>codctn a

2 man1-NC> ear eginleering 0101 fort eac ar for a1 per,1i Ot, appro1,\mma1.telh ya A parallel

e ffort 1)\ a rad.rs s\teml conipan>l~l is i-equjired to deoelop mloduile technofog>1z andk low% loss
comlbinling techimlliies [hle lamtter effort is estmiiiafed A 4 mian-> ears. ['lie total effort.

ssnmnin.4 thait the requiredi techinolog> is pe,,iui iarto thle A FR. is appovmmnatel\ a N4 man-
Ncair estiilmic e\ten1dmng o~ ci a calendlar time of, \csars'

o -.4



6.2.4 SOLID-STATE RISK ASSESSMENT

The r44 in derdoping solidt-s tate modfules to A4TR specifications tlun the programt
preriousI, descri bed is manageable.

Nficrowave power gene'ration,. in general. using power combining technology has beeni
practiced mlanly years and has achieved excellent perfoninance. liowever. power output in
excess of 5 Watts at C-Band hias not been too active, Basically there are two identified
critical areas i a 50 Watt module. One is to combine 10 or more devices with very low
circuit loss. Thlis challenge is not insurmountable. The second critical area. considered more
severe, is to obtain adequate and efficient output from a single device. By I08 fil te
probability of obtaining 50 Watts per device is 1 percent and the probability of a 10 Wait
device is 00 percent. Using the above estimation, the reality of meeting thle transmitter
requirements can be suimnari.,ed as follows:

1)' Thle bandwidth canl be met with high confidence.

2) A 50 Watt module can be built with low complexity and low risk.

3) Module efficiency canl be mect with a 10 watt Fl'i device at 35 percent
efficiency.

4) D~uty cycle will not be a problem.

5) Pulse wvidth and rise timec will not be a problem.

0) Amplitude and phase stability is probably not a problem.

7) MTBFI is reachiable with redundancy.

8) f'o have less than 0000 devices pier transmitter is estimated to have a
probability of 50 percent.
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c6.2.5 TUBF YRANSNITI'lR RFQ1UIRFN1NTS AND CURRFNT PEREORMANCF

While man ' of the requirements van be met with current micrhowve trummitr
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Table I. Tube 7runsmitter Requiremenis/Prrformance Nummar

Parameter Requirement/Goal Current Comments

Weight -. 500 lbs 2150 lbs Unlke

Peak t'ower 50 kW 50 kW AvalaNte

Average Power 5 kW 5 kW Available
(per antenna face)

Dut Factor 0.1 0.1 Available

Pulsewidth - 270 psec 270 psec Available

Pulse Rise Time '"2.5 Aisec N'2.5 psec A ailable

Short PLOsW Modr, Stable output after 100 nsec Stable output after 100 rmse" Available

Phrse Anlitude Stability 0,1 dB, over one pulse 0.1 dB. ove one pulse Availablte
1.0 dB, ptlse-to pulse 1.0 dB, pulse-to-pulse
1.0', over one pulse 1.0". over one pulse

10.0", pIulse' to Pulse 10.0". pulse-to-pulse

G.nI "'50 dB "'50 dB Available

')pei,1ting F requtenrc 5.3 5.9 GH: 5.3-5 9 GH: Available

Inst,1irt.rireous Bandwidth 400 M H: 400 MH- Available

F t Ic',eV " '40'\. 20\ LhnlIkelk

MI BF 10.000W houis 3000 hours Rrquiiees
weiecti\v
Sedundari-\
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Table III. Ss stem Impact of Sub.Optimum Tube (larieieristics

Ideal Impact if Sub-optimum

90 dB Gain Multiple stages required - complexity, cost, unreliability.

30% Bandwidth Greater ECM vulnerability.

50% Efficiency Larger size, weight, prime power, cost.

No Spurious MIL-STD-469 compliance problems, electromagnetic

incompatibility.

110 dB s/n SCV limitation in short-pulse MTI systems, pulse
Doppler.

Low Voltage Size, weight, unreliable HV components.

No Arcing Missing pulses, reduce availability, degraded array
sidelobes and gain.

Low Cost Increased acquisition cost of system.

50,000 Hours Life System availability, maintainability burden, life-cycle cost.

Tafie It" (lomparison of Features (1979)

CFA Klystron TWT Solid-state Modules

Cost 2 3 4 5

Bandwidth 1 2 1 1

(agile)

Gain 3 1 1 2

Power 2 1 2 4

Very Long Pulse 1 1 1 1+

Very Short Pulse RF keyed: 1 Gridded: 1 Gridded: 1 1

Control electrode: 2 Otherwise: 4 Otherwise: 4

Cathode pulsed: 3

Coded Pulses 1 1 1 1

Amplitude Shaping 3 1 1 Not directly

Feedthru 1 X X X

Stability (MTI) 1 1 1 1

Low Noise 3 1 1 2

MIL-STD-469 2-3 1 1-2 1-2

Low Voltage 2 3 3 1

Efficiency 1 2 3 4

Life 3 2 4 1

Weight 1 2 3 4

I Best

5 Worst

6-30

LI



6.tilE T1 l' RANSMIT111R IFS('RIfTION

Bectausi ill' thet effet of the transmitter tin rdiaibilht v and W (C ane eftirt has hert
mautk to provide a dsigna that &~ Vpedfitvllv tailoreli t) meet the need Igor rdigibk and
affonvalab .4 FR eqaa4iment.

11.gscd kill d Illablk- ti.1isiuitIVi .it kIIItcc lite "lii 3iii'% C tubel teetuittIt~g% ,

.iiailjhh' tcehiit0hig will Iitot ilck't tilt rt'st I085 tjetic.it sut -eil.iiiee lild.1i' uiuit
isce FI'&Ic III, St ttii o. 1S A simplitictl blovit, di.igril tit- this% etoiiiguiat it'll i% %titowi
III tilt' tIgiiie 0t1,10slite.

thel tIiisinit te opi.Iates with lbug 1111eSC 3ic 10%%e.~ Net l ith IS p k t4'it%%It'uI

et Ji% tidS .111 t' thlt hligh IVA Il)\ 0 w.1t'giidc m Oeiig .ii11d piessili i:.Ititlii p11It'bleiu

I e 0 W i tiaisolfIv[ lit .it I (p 1 tceit.11 It eIdd' %O~IdC1N1 lttil 'ui 1pci ti \\ i1iuce

lub. (IAVF).1iiiiplitie Iugh gun. \ peik po'wt milld ighi dit 0 Jle e i itv pillilntit
lic t . ih 11ia11sulitie isesa diudWs dofle g1.ii;.11c Midel::e id IO\\ed 0t10111iF. %! N

I lv F F .11 it't IIIIN I lit'tek l .1 i .11 solil-sut. K F i i% ei

thek.I tiaiisiiite tetoie (c11ul% 1 id st'ite 11iFgh \tIg kl PC l10\ i stipph ( ~I I'\IS) \\ tih
I i\te ItheI ~ it' A .litl id t0e0k,10 \ %lit MA tt'i th li I hU Ni sliikt I s I eIe h' cI \

% I t I " t.it I I%, ci Ii wilt I li, Iiij o\ pit dhe Iiit.1 tiI~ icriiI.1td I 0 ku. pI I c Ilk'\ th I h IfcIIV I'S
I lk 1w ki t .1Ily1I twI ti01ieu&lk \ I~u 111,1 \ IC: t~ tit tcINso %cclt.it u~uc Il\ 1Iit it III%,\ idc\

t\II Oll\ .ipi1d .iud% pIel CO'Iit It~ A \ttI . t x i~t Init.11I % ~It 1111lse t'peicittit 11sW Iii1101 .1% is

ititiiit teo Nt I I N1tji'itit\ Sk'k,'iidl It pi)IM IiteS iCygntiii \\ ith hiF.h clt ticis% m4 lt'' tItims
a4114 ci lt-s11 tit, it%,* 4't icti.11t'Ic st'tit st.itc, iu4'ttul.ii teii4Lliti luiitt thli uek tit tiiF.1i tictlliciit\
1111111k 110t6\0c lii~kei,.Iklii 1clilhits thlk li~ke 4't htglut~wcght ti.itisttniiicis Miitiid t uct11t1 lw\ok% lili

I ti ti.illsiiittci its a4 siiiit'Iek stiiIc FItegid piitsc miiitii.1ttl Mhii t'lt p ides tuill

lIA\ I ! lit , t titl Ii l Ithe t till .. illt k'ti 4 4I i~cie \%ti tOw RI, ttuic

is pit0%Ikitted ttl F \ I I'cmii tot'tuin' Btoth the \ .,ill it iud Ist'tcnt'i lj'eN\%, ciuipphits .Ik
intcti t'kkct \% ith Ithelk t'll ki t ' ti llt I

(1 40



4!

R-F OUTPUT
50 KWPK/

I
S O L E N O I D  

1 
L I U ID  

I5 KW AVG

POWER SUPPLI COOLINGUEIT S

1 W T O
R.F DRIVE I SO-ISTATJ I &D' RIVE !1 !' R-F I "V

t1 DRIVER I "D-U- E. P-EXERI--

HVPS CONTR N O

PRIME POWER

Hz CONVERTER 10 k Iz HVPS GRID

/ INVER TER PULSER

SVAC-ION ONOFF

SUPPLY TRIGGERS

I l~~RlANSMITTER CONTROL AND MONITORI PANEL "

.4 high gain, gridded TWT transmitter with solid state driver and high voltage power suppl., pros-ides

5 k W average power and high stability for MTI operations

A control and monitor panel provides a centralized point for transmitter maintenance.

The panel includes comprehensive features for automatic fault protection and indication, and

extensive BITE featmes for fault localization to LRU level.

Because of the dominant effect of the transmitter on reliability and LCC, in

particular the high cost transmitter tubes, every possible effort haN been made to provide a

design specifically tailored to the need for reliable and affordable equipment. A basic

transmitter conceptunal approach was selected to minimize the circuit complexity, provide

all solid-state designs and reduce the transmitter to a single RF tube.

For any new radar, LCC is a major consideration. A high-gain, gridded TWT

appears attractive, because it provides these essential LCC characteristics:

a) 10,000 hours operating life expectance,

b) Unlimited storage life (with scheduled preventive maintenance),
c) A 70 to 90 percent repairability and multiple repair capability.

d) A possible backup source availability.

The transmitter could be based on a modified lughes 63411 traveling wave tube

(TWT) amplifier. This solenoid-focused shadow gridded C-band TWT employs a coupled

cavity interaction circuit providing over 50 dB gain.
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The 634H is shadow grid controlled, allowing low-power, low-voltage control of
the beam current. In addition, the use of grid modulation provides complete flexibility for
dynamic programming of prf and pulsewidth. The solenoid focusing is an integral part of
the coupled-cavity RF circuit, minimizing the overall size and weight of the tube. The beam
collector is insulated from the tube body, providing enhanced electronic efficiency of the
tube by depressed collectQr operation.

The tube features a high perveance, Pierce type convergent flow, electron gun with
excellent beam optics. Together with a shadow grid technique, these features allow grid
control of high-beam power with a minimum of grid current interception, and resultant
minimum grid heating. Similarly, the magnetic focusing and beam optics are designed to
maximize beam transmission with a minimum of body intercept current. This is especially
important at the higher average powers and long pulsewidths.

The 634H TWT high-voltage power supply (HVPS) uses a single high-voltage
transformer with a solid-state bridge rectifier assembly to provide the TWT cathode and
collector voltages. A capacitor filter on the cathode and collector high-voltage outputs
yields clean, low-ripple voltages and provides adequate energy storage for minimum pulse
droop. The HVPS is regulated by a primary inverter to achieve an ovcrall pulse-to-pulse
phase stability.

Regulation is provided by feeding back a sample of the cathode voltage from a
resistive-capacitive (RC) divider to the primary inverter which operates to maintain constant
cathode voltage. On the output of the HVPS, a crowbar protective circuit senses abnormal
TWT current and triggers a spark gap, rapidly discharging the storage HV capacitors, and
inhibiting inverter triggers. If the transmitter BITE indicates no faults, or a clearance of
faults, the transmitter automatically recycles back to operate.

The 3-phase 400 Hz prime power is converted to dc power by a solid-state
converter, which also includes a ramp-up circuit to reduce inrush current to the storage
capacitors. The dc power is converted to 10-kHz ac power by a single solid-state
inverter module.

A modular low-power solid-state grid pulser, which floats at the TWT cathode
voltage, provides grid bias and turn-on pulses. Turn-on and turn-off triggers supplied by
the radar programmer are optically coupled to the grid pulser. The TWT RF driving
signal is bracketed by the TWT voltage pulse and thus the rf rise and fall time is determined
by the RF drive signal. The grid pulse provides complete programming flexibility of pulse
duration and prf.
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6.2.7 TUBE TRANSMITTER TECHNOLOGY AND ESTIMATED DEVELOPMENT

Technolog, is currently available or being developed to meet the requirements for
a post-I 985 Tactical Surveillance Radar Transmitter.

While the shortcomings of presently available TWTs have been addressed, technology
is presently available or being developed to incorporate iniprovenients in performance.

The Cathode Workshop, held 30 January 1978 at NRL, Washington, D.C.. highlighted
the need and direction for continued development of field emitter and thermionic cathodes.
Higher current densities and longer life have emerged as urgent tube requirements. Ileaterless
field enitters, which are unaffected by environment, will provide instant-on no-power drain
capability. Both H-ughes-EDD and Varian-Palo Alto, two major sources of coupled-cavity
TWTs, in addition to NRL are actively working to improve cathode technology.

Recognition of the high cost of microwave tubes has resulted in a trend towards
the use of laser cutting, electron discharge machining, and computer-controlled milling in tube
development leading the way to lower production cost.

Adaptation of multielement depressed collectors, and samarium-cobalt magnets have
resulted in improved tube prformance, and a trend towards a re-exanination of the materials
and the fabrication technology for innovative application to new designs has emerged. i

Fx;mples of continuing microwave tube and technology developments can be found in the
AGED Project Briefs.2

The microwave tube is a niajor radar architectural element and its choice determines
the requirements for power conditioning and the mechanical configuration and packaging of
the transnitter.

In the last few years there has been a great emphasis on power conditioning. The
use of high-frequency converter/inverters has improved tra sm itter power conversion efficiency
as well as reduced size and weight. ITT Gilfillan has been active in developing advanced
power conditioning, incorporating a high-frequency converter/inverter in a production radar
transmi: :i nd presently furthering this development on IR&D. High-frequency power

conditioning has also lead to the reduction in size and weight of magnetic components.
ITT Giltillan has an IR&D program aimed at lightweight, high-voltage magnetics.

IAGED. Annual Report, Calendar Year 1078 (Washington, D.C.: Office of the Under Secretary of

Defense. Research and Engineering, 1978)

2AGED. Project Briefs. Annual Report 1978 (Washington. D.C.: Office of the lIndet Secretary of
Defense. Research and Enginering. 1978).
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6.2.8 TUBE TRANSMITTER RISK ASSESSMENT

Present trends in microwavE tube developments and radar transmitters architecture
will not change post.1985 radar transmitters significantly. Technological refinements will
result in improved performance and a reduction in development risk.

Based on present trends in microwave tube development programs and available
information on radar transmtter developments, it is not anticipated that there will be any
significant changes in post-1985 radar transmitter architecture. Emphasis will be in making
basic improvements in perfornance and trying to achieve the ideal transmitter. Improvements
in component materials and processing will result in improved reliability, not only in micro-

wave tubes but also in high-voltage magnetics. improvenent in efficiency will also result in
reduced power dissipation and improved life and reliability with a reduction in life-cycle cost.
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6.3 RECEIVER/SYNTHESIZER

6.3.1 REQUIREMENTS AND CURRENT TECHNOLOGY

The baseline system concept leads to a relatively simple receiver. The bandwidth.
noise figure, dynamic range, etc., are all available or achievable now, and require no new
technology development.

The requirements and current technology status of the receiver is shown in Table I.

The required performance parameters are:

* Frequency is dictated by system design approach.

* Bandwidth is constrained by waveform design.

* RF STC (Sensitivity Time Control) and protection is required to protect the
low noise preamplifier from saturation or burnout. The 40 dB STC was
derived based upon a maximum/minimun range ratio of 200/20 corresponding
to 40 dB of STC.

" R| protection is based upon assuming an open circuit on one of the high
power distributed transmitter lines resulting in a large amount of reflected
power into the receiver.

" (rGain of 30 dib is assumed to achieve excellent isolation of following high loss
circuits and thLs a minimal noise figure.

* RF Amplifier noise figure is dictated by system sensitivity requirement,;.

l)ynamic range of 60 dB is based upon a range variation of' 40 dB and a
target variation of 20 (lB.
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Table I. Preliminary Receiver Requirements/Capability Summary

Parameter Requirement/Goal Comment

Operational Frequency 5300 to 5900 Available
Instantaneous Bandwidth 400 MHz GHz or greater available

RF STC 40 dB 60 dB or greater is available

RF Protection 550W to 2.8 kW peak nominal Readily available

28W to 55 kW peak fault

Average power 6 to 280W

Gain 30 dB Readily available

RF Amplifier Noise Figure 2.0 dB Achievable with present state-of-the-art

Dynamic Range 760 dB Achievable with present devices
o4
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6.3.2 RECEIVER DESCRIPTION

The receiver is a simple homodyne configuration to achieve maximum capability
for large instantaneous bandwidths with RF STC (Sensitivity Time Control) and utilizing
doubly balanced mixers for the quadrature I&Q phase detectors in both the horizontal and
vertical channels.

The baseline receiver approach utilizes a centralized single channel receiver for the
horizontal and vertical components. The baseline configuration is shown in block diagram
form in Figure A.

In the baseline configuration, the receiver protector would be a passive Transmit/
Receive Limiter (TRL), rather than a diode limiter. The TRL can accommodate significantly
higher incident power levels. In this configuration the losses in the receiver protector can
be reduced to the I to 1.3 dB region while providing excellent receiver protection even
during fault conditions. The radioactive gas pre-TR cells have a limited life of 5,000 to
10,000 hours, but can easily be replaced at a replacement cost of approximately $250.

In the area of the receiver protector and RF STC present solid-state devices could
adequately protect the receiver for the nominal or normal expected peak or average power.

The selection of GaAs FET devices for RF amplifiers provides excellent phase
linearity, and gain flatness characteristics over 10 percent of greater bandwidths. Typical
curves of gain and phase deviation from linear versus frequency is shown in Figure B. At
present, GaAs FET devices are available with noise figures in the I to 1.5 dB range at
5 GHz with projected goals of 0.6 to 0.8 dB within a year. The curves in Figure C are
of currently available GaAs FET bipolar, low-noise devices.

New Technologies and Estimated Development Schedule

No new technologies would be required to meet the baseline receiver requirements.
It is anticipated that the needs of on-going satellite-communications programs will provide

continuing improvements in both the noise figure of the GaAs FET devices and the
availability of the medium power linear devices.

Risk Assessment

Essentially no risk is estimated in achieving the requirements of the baseline approach.

Alternate Low-Loss Configuration

In the baseline receiver configuration (Figure A), it was illustrated that the system
receiver losses include losses due to the Elevation Beam Focusing Rotman Lens and the
Elevation Beam Switch Networks. It is possible, though not currently practical, to reduce
the effect of these losses by at least I dB at the system level by placing the limiter and
RF amplifier on the input side of the Rotman Lens. This configuration requires 138 limiters
and RF amplifiers (see Figure D).
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Inl addition to the obvious cost and complexity penalties. this approach would
require matching of gain and phase (to within 1/2 dB and t 2 degrees). between 1.38 limiters
and RF amiplit'iers. including the ef'fect,; of SWC. This approach is moderate to high risk at
this time. but could be considered if normal technology development produced the requisite
low-cost components (suich as mitilt i-aniplifier chips).

Current on-going I R&l) in the areas ot' digitally-controlled, fast-switching synthesizers
will meet all thle requirements of th , AIR Recent IR&1) developments in the medium power
linear amlplifiers used in t he cohlerent transmitter drive chain exhibit substantial improvements
inl thle instantaneous bandwidths, pulse-to-pulse amplitutde, anld phase stability and intrapulse
characteristics which will meet thle requirements imposed h\ thle advanced wavef'orm techinology.
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6.4 PRO('ISSOR SUBSYSTUAIS

6.4.1 SUM~MARY OF THE PROCESSOR SLJBSYSTEI-A RlQUIRE MEFNF1S
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Summary of the Major Characteristics of the Processor Subsystem

SIGNAL PROCESSOR FUNCTIONAL REQUIREMENTS

Analog/Digital Conversion

Polarization Channels: H&V (Dual Channel Processor)

Quadrature Phase: I&Q

Environment: Clear/Terrain/Rain Chaff

Sample Rate 13 MHz 26 MHz
Dynamic Range: 11-bit

Doppler Spectral Filtering

Environment: Clear/Terrain Rain Chaff

Spectral Filter used:

Single Channel Processor Simple Canceller 8-point DFT NOF (6 Filter Bank)
Dual Channel Processor Polarization Matrix Polarization Matrix Polarization Matrix

CFAR

Hard limited bi-lihase pulse compression

Pulse Compression

Environment Clear/Terrain/Rain Chaff

Waveform:

Pulsewidth 250 /sec 62.5 psec
Bandwidth 6.5 MHz 13 MHz
Code Length 1626 segments 813 segments
No. of Doppler Channels 21 7
Detection: Envelope, (12 & Q2)1/2

Greatest of Double Samples
Greatest of Doppler Channels
Greatest or Spectral Filters

DATA PROCESSOR AND SYSTEM CONTROL FUNCTIONAL REQUIREMENTS

Processing/Control Functions

Processing Functions Control Functions

Sky Clutter Mapping Scan Programming
Terrain Clutter Mapping System Synchronization
Correlation Detection Automatic Processor Test
Automatic Clutter Residue Mapping Automatic Processor Reconfiguration -

Target Parameter Extraction
Target Tracking
Message Formatting and Reporting
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Summary of the Major Characteristics of the Processor Subsystem (Continued)

WIDEBAND SIGNAL PROCESSING FUNCTIONAL REQUIREMENTS

Analog/Digital Conversion

Quadrature Phase: 1&Q
Sample Rate: 400 MHz
Dynamic Range: 6-Bit (Chaff)

1-Bit (Clear)

High-Speed Memory

Memory Word Size: 12-Bit (6-Bit I, 6-Bit 0)
Memory Write Cycle: 400 MHz (Effective)
Memory Length: 1.1 X Pulsewidth = 110K-Words

Processing

Spectral Filtering
Pulse Compression

BASELINE PROCESSOR

Physical Constraints

Volume: 30 cu ft
Prime Power: 7.5 kw

6-55



6.4.2 DESIGN METHODOLOGY
The design of the baseline processor subsystem is described in terms of its

functional block diagram.

Functional requirements for the baseline processor subsystem were initially
developed from the results of the ATR system requirements analysis and the ATR baseline
system synthesis which were conducted as a part of this study and which are described
elsewhere in this report. These functional requirements were translated into a processor
system structure by mapping each functional requirement into a functional processing unit
within that processor.

Three major categories of functional requirements were identified:

* signal processing requirements
* data processing requirements
" system control requirements

Based on recent design experience of 3D radars at ITT Gilfillan, the data processing
and system control functional requirements were mapped onto functional units which are
configureO using programmable, general purpose micro-computers along with random access
memory (RAM), control store, read only memory and input~output interfaces. These micro-
computer based functional units were then sized by comparing requirements for the ATR
radar with requirements for existing or proposed radars for which design base data was
available. Sizing in each case was limited to providing a unit of average capability to meet
the defined requirement in the ATR. Further study is required at both the system and
subsystem level to provide refined estimates of required capabilities in these areas.

Signal processing requirements were estimated assuming high speed, special purpose
processor units. Estimates for the signal processor were based on preliminary designs since
it was assumed in advance that the signal processor requirement would represent significantly
greater processing throughout than previous signal processors, and that the existing technology
would be most stressed in the signal processing requirement area.

Processor Subsystem Block Diagram

A simplified block diagram of the processor subsystem is given in Figure A. The
baseline processor consists of thirteen functional units.

The baseline processor contains a Signal Processor Unit and nine functional units.
The Signal Processor unit receives quadrature channel phase detected video from the receiver
and provides threshold detected video to the Correlation Detector unit, The Signal Processor
Unit also provides processed video to a display unit. A Sky Clutter Mapper Unit and a
Terrain Clutter Mapper Unit form three dimensional maps of the measured sky and terrain

6-56



21t
ol

0
2

m 
z M
w 0
2 Ul0 w

w
w cr
2 0 0

u 4 2 D M4 m
cr

cr 0
cr . V W

0 L) a M W
w m < m . Z U
2 a: 0 z

cc (r

w

Ir x
0 ZZ-1., ii

> 0
cr

CC (r m
4 x 0w :3 0 , 2 ZCC w

4 L)z 0
0

r S

m
0

w
o 0 Z L)

0
rc w< 2 c 

lk02 Trrmcr0
cc m W0 ozz

2 cc E a&: D
cr D

0 0
cl U

cr t: cr
CC 2 

L)
0. z < o-u 0 D 0

E <I , x
> - p -

> ir
.0 o W o 0 4

U U 2 ow Z::)
w

0 wZ" T- wZ 0.z cr

>ir cr 2 m
x 0o 8C3 0 u w u 'wr cr

o w ir t 2,2 z z m0 0 0 w z Z zP- -') W 0 0Z Ir p
ct m z z w S
w w 0 0

u cr U
2 w w 10 M2 z z w

z w u 0 z z M
0 Z z Ir
Ir 0 , 05 u -i < 0

m - U cc
Z a 0
w m > . M
2 w

w D 0 z
m >

" M 0 0 Z

0 D z

L) :3
L) Ww'r 2 >m

1x;
*:d u T L) Lz0MZ >

69-RE896

6-57/6-58



environment. The outputs of these maps are used by the System Programmer Unit to
adaptively control waveform and scan program mode selection as a function of the changing
environment. The output from the Terrain Clutter Mapper Unit is also used to exr' -
returns from the zero Doppler filter in radar cells which have been mapped as containing
terrain clutter.I

Threshold detected video from the Signal Processor Unit is noncoherently integrated
by the Correlation Detector Unit. This unit deletes threshold crossings due to thermal noise
which are spatially uncorrelated and reports only potential targets to the Automatic Residue
Mapper Unit. The Residue Mapper unit maps clutter residue not removed by the Signal
Processor Unit. Declared targets are reported to the Target Parameter Extractor Unit by
the Residue Mapper Unit, and reports resulting from clutter residue are suppressed by this
unit. Target parameters are extracted by the Target Parameter Extractor Unit, and are
reported to both the Target Tracker Unit and to the Message Formatter Unit which transmits.
the radar output messages to the command and control system. The Target Tracker Unit
reports track parameters to the Message Formatter Unit. A Processor Test Unit controls
automatic testing within the processor subsystem and evaluates test results from the units
under test. Redundant units are automatically switched on line in response to detected
faults by the Processor Test Unit.
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6.4.3 SIGNAL PROCESSOR CONFIGURATION

Three signal processor configurations were evaluated for use in the baseline processor.

A simplified block diagram of the Signal Processor unit is given in Figure A. The

Signal Processor Unit provides for

* analog-to-digital conversion

* Doppler spectral filtering
* hard limited CFAR
* binary phase coded pulse compression

The baseline Signal Processor has a Doppler spectral filtering requirement for a
single channel of processing with three modes of operation: clear, rain and chaff.

Clear mode provides a conventional canceller with an unambiguous instrumented
range of 200 miles. 'Rain mode provides an eight-point DFT filter bank with 200 miles of
unambiguous range. Chaff mode provides a Near Optimum Filter bank with 50 miles of
unambiguous range. Range sampling is done at 13 MHz for clear and rain modes and at
26 MHz for chaff mode. (Double sampling or two samples per code segment are taken.)

In addition to the single channel baseline, estimates were made for two dual channel
(horizontal and vertical polarization) configurations. Dual channel configurations use a
polarization matrix processing algorithm for spectral processing.

A single common filtering element consisting of a complex multiplier, a complex
accumulator and a 200 mile data memory element was used in the preliminary design since
this single structure is capable of supporting all of the required spectral processing modes. As
shown in the diagram, six filter elements are provided per Doppler processor with four
Doppler processors provided per signal processor. The fifth Doppler processor and A/D
converter are spare redundant units. This configuration provides a total of 24-filter elements
which operate at a 6.5 MHz sample rate. The chaff mode requires 24, the rain mode
requires 16, and the clear mode requires 2. The pulse compressor was configured using a
dual Doppler channel pulse compressor module. The 250 microsecond rain mode pulse
requires 21 Doppler channels of pulse compression; the 62.5 microsecond chaff mode pulse
req'uires 7 Doppler channels of pulse compression. For purposes of this study, the 813-bit
and 1625-bit code lengths were estimated assuming a 768-bit and 1536-bit code, respectively.
Doppler compensation was provided using a single complex multiplier for each complex

conjugate pair of channels. Hard limited CFAR is applied after Doppler compensation and
before compression. Two spare redundant pulse compression channels are provided.

The outputs of the 21 active pulse compression channels are combined in an
N-channel detector. The greatest output of this N-channel detector for each of the filters in
the filter bank is selected for a given range bin. This value is thresholded and sent to the
Correlation Detector Unit in the plot extractor.
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6.4.4 PROCESSOR SUBSYSTEM SIZE AND POWER ESTIMATES

Size and power estimates are provided for the baseline Processor Subsystem.

Size and power estimates for the baseline Processor subsystem are provided in
Table I for each of the three Signal Processor configurations studied. Board count estimates
were initially developed for the single channel base line. These estimates were then scaled
to meet the requirements of the dual channel matrix and the dual channel matrix (2 MHz)
configurations. Volume estimates were developed by estimating 0.4 ft3 per logic board.
Power estimates were developed by allowing 75 watts per-logic board.

Size and power estimates are in excess of those required in a tactical radar environ-
ment. Significant reductions in both size and power are necessary. These reductions can be
brought about in several ways.

Component technology development over the next five years (1980 - 1985) will
obviously contribute to a significant size reduction (throughout the Processor) and ,n some
areas (random access memory, for example) to a significant reduction in power consumption.
Alternative Signal Processor architectures should produce some improvement by providing
a better match between processing elements and the several adaptive processing modes which
are required within the baseline system design.
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Table L. Size and Powr Estimates for the
Baseline Processor Subsystem Using 1979 Technology

Single Dual Dual
Channel Channel Channel
Boweline Matrix Matrix

(2 MHz)

S P LIC
I R Boards 147 305 72
GO0
N C Volume
A E 0)58.8 122.0 28.8
L S

S Power
0 (kW) 11.0 22.9 5.4
R

D P L/C
A R Boards 33 37 37
TO0
A C Volume

E 00t) 13.2 14.8 1 4.8
S
S Power
O (kW) 2.5 2.8 2.8
R

P ST L/C
R U 0 Boards I80 342 109
0OB T
C S A Volume
E Y L 00t3  

72.0 136.8 43.6
S S
S T Power
O E NkW) 13.5 25.7 8.2
R M
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6.4.5 TECHNOLOGY DEVELOPMENT REQUIREMENTS FOR THE PROCESSOR
SUBSYSTEM

Technology development programs within the areas of digital correlation, random
access memory, random logic, and sequential control logic, can provide up to a 50 percent
reduction in power and volume from the 1979 technology baseline.

An analysis of the dual channel processor provided a list of eight categories of
processing circuits which are used throughout tile processor. Estimates of the percentage of
a logic board which each category represented were developed for each logic board type in
the subsystem. These percentages were then summed across all of the logic boards in the
base line processor to provide an estimate of the percentage represented by each of tile eight
categories. The results of this analysis are shown in the Figure.

As shown in the Figure, 34.9 percent of the baseline processor is dedicated to
digital correlation (this stems from the large time bandwidth products associated with the
binary phase coded waveforms and the related intrapulse Doppler shift of high velocity
targets). In fact, over 80 percent of the dual channel processor subsystem is concentrated in
only four processing circuit categories. These are:

-- Digital Correlation

- Random Access Memory
- Random Logic
- Sequential Control Logic

Tile remaining 20 percent of the processor subsystem is composed of four additional
processing circuit categories.

- Complex Multiplication

A/D Conversion
-- Micro-Processors
-- Read Only Memory

Criteria for Selection of Technology Development Candidates

Analysis of tile data presented in the Figure leads to tile conclusion that different
approaches to technology development are required for the eight categories. For example.
though the two categories of random logic (15.5%) and sequential control logic (1 1.5%)
represent 27 percent of the baseline processor, no single integrated circuit can be used
(without modification) throughout the processor to meet the varied requirements that tnese
two categories represent. However, for the two categories of digital correlation (34.4%) and
random access memory (17.9%) which represent 52.8 percent of the baseline processor, it is
possible that a single digital correlator circuit and a single random access memory circuit
could be developed, and that these two circuits could be used throughout the processor to
substantially reduce processor size and processor power consumption.

6-64



PROCESSING CIRCUIT CATEGORY

34.9% DIGITAL CORRELATION

17.9% RANDOM ACCESS MEMORY

15.5% RANDOM LOGIC

11.5% SEQUENTIAL CONTROL LOGIC

10.9% COMPLEX MULTIPLICATION

4.8% A/D CONVERSION

2.9% PROCESSOR

1.6% READ ONLY MEMORY

Dual channel processor subsystem (1979 technology base)
expressed in terms of eight processing circuit categories
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Selection of technology development candidates should be based on the
following considerations:

- Percentage of usage for the candidate in the 1979 baseline processor.
- Degree of integration for that candidate available in 1979.
- Expectation of further technology development for that candidate through 1985.
- Cost of achieving a desired degree of integration for that candidate in 1985.
- Risk of achieving a desired degree of integration for that candidate in 1985.

Additional Factors Effecting Technology Development

Several of the integrated circuit technology categories required for the ATR
baseline processor (e.g., random access memory, complex multiplication, micro-processor and
read only memory) will benefit from predictable evolutionary trends within the integrated
circuit industry over the next 6 year period. Historically, these evolutionary trends improve
performance as the technology matures and thereby provide for an overall reduction in both
size and power for the mature technology.

In addition to the evolutionary performance improvement trends cited above, the
very high speed integrated circuit (VHSIC) technology development program currently being
funded by the Department of Defense has targeted selected signal processing building blocks
such as complex arithmetic processors, high speed A/D converters, dual port random access
memories and programmable controllers for development. It is likely that useful signal
processing building blocks developed under the VHSIC technology development program
could also be useful in the design of the ATR processor.

Required Technology Developments

The design goal for a post 1985 baseline processor is 3 cubic feet for volume and
7.5 kW for power. These goals represent volume and power reductions of 78 percent and
71 percent respectively from the 1979 baseline. An average reduction of 50 percent
represents a more realistic goal for the eight categories presented in the Figure over tile
1979-1986 time frame. In order to achieve this reduction, three key elements should be
available. These are:

I) A 512-bit digital correlator chip capable of operating at 6.5 MHz with
a power dissipation of 6 mW per bit. (The 1979 baseline used a 64-bit
correlator with a power dissipation of 12 mW per bit - TRW TDC1023J).

2) A 16K-bit random access memory chip capable of performing one read
cycle or one write cycle every 75 nanoseconds with a power dissipation
of 0.05 mW per bit. (Tile 1979 baseline used a 4K-bit chip with a
power dissipation of 0.10 mW per bit).

3) A set of LSI uncommitted logic arrays capable of supporting a 6.5 MHz
data rate and sufficiently flexible for efficiently implementing the majority
of the random logic and the sequential control logic categories of the 1979
baseline processor. (The 1979 baseline used MSI/SSI components with an
average power dissipation of 250 mW per package.)
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6.4.6 WIDEBAND SIGNAL PROCESSOR UNIT

Meeting the requirements for wideband signal processing depends on technology
developments in AID converters, high speed shift register memories, and gigabit layer

switching speeds.

The Wideband Signal Processor Unit (Figure A) is used to develope a target signature

report on a selected target with a known range, Doppler and local clutter environment for use

in threat classification. A very high-speed (200 MHz data rate) A/D converter and buffer

memory unit samples the received waveform at the range of interest for a duration slightly

greater than the transmitted pulsewidth, and transfers this data (at a reduced data rate) to a
random access memory. When required, additional samples are acquired in the same manner.
Then, these samples are Doppler filtered and pulse compressed. The target signature report is
extracted from the output of the pulse compressor and sent to the Threat Classification
Processor Unit.

Timing Constraints

In order to develop an estimate of the processor hardware requirements, various
assumptions were made regarding the collection of wideband data operating at a nominal
radar prf of 400 Hz.

Target signatures are input during the 0.5 sec of special mode time allocated for
each 10 sec scan perird. (See Figure B.) This time is nominally divided into 20 subperiods
of 25 msec each. A 2.5 msec prf would then allow for collecting up to 10 pulses on a
target per subperiod. This establishes a requirement of 2.5 msec to transfer the contents of
the tligh-Speed Buffer Memory to the Random Access Memory and of 0.475 sec to develop
a target signature report once the data has been collected.

Memory Organization

An all digital -igh-Speed Buffer Memory organization could be based on the use of

a high-speed shift register memory such as that shown in Figure C. The size of the shift
register memory is directly related to the time bandwidth product of the waveform as shown
in Figure 1). A trade-off exists between the size of the Iligh-Speed Buffer Memory, and the
maximum rate we are willing to transfer data into the Random Access Memory. In the limit,
the distinction between the memory types disappears and sufficient High-Speed Memory is
provided to store up to 10 samples from the target with no Random Access Memory
provided. Because of the required size of the memory however, it is likely that minimizing
the size of thle iligh-Speed Memory woUld also minimize the cost of the total memory.

A/D Converter Requirements

As shown in Figure A, both in-phase aid quadrature channels are converted by the
A/D converter. The mininmm conversion rate for a 200 Mllz binary phase modulated
waveform will be 400 Mitz per chamnel. This provides two samples per code segment per

channel. A mnininlui of six-bits dynamic range for the converter is required.
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Technology Development Requirements for A/D Converters

Even though significant improvements in A/D converter technology are likely to
occur by 1985, a 400 MHz conversion rate at six-bits can probably best be met in that time
frame by multiplexing a number of lower performance units together* e.g., four 100 MHz
units or eight 50 Mlz,units. This can be contrasted with the availability today of a
monolithic LSI converter capable of converting 6-bits at 30 MHz (TRW TDC10145).

The technical literature provides references to several R&D programs which have
produced laboratory models of very high performance A/D converters. These include l , for
example, A/D converters which are capable of the following:

4 bits at 100 MHz

- 3-bits at 200 Mtiz

The literature also contains projections for significant improvements over these
figures. These projections are based on several different R&D programs using a wide variety
of technologies including silicon, GaAs. transferred-electrcn devices (TED), and electro-optical.

A high-speed, high-pertormance (6 bits at 400 MHz) analog-to-digital converter must
be developed in the 1985 time frame to meet the wideband signal processing requirements for
the ATR target signature processing.

Technology Development Requirements: High-Speed Memory and Logic

The high-speed memory and logic requirements of the Wideband Signal Processor
will require gig.ihit switching speeds for the basic logic circuits. Gallium Arsenide (GaAs)
integrated circuit technology currently Under development, is projected to be the most likely
technology for achieving these switching speeds. At present, the level of integration density
achieved using this technology is comparable only to SSI and the less complex MSI functions.
By 1985. production capability in GaAs is forecast to be available with 0.5-micron features,
5-Gllz clock rates and up to 500 gate complexity. During the 1985-1990 period, 10-GHz
clock rates and 2500 gate complexity has been forecasted. If these projections are to be met,
however, the present limitations of GaAs materials processing must be successfully overcome.

Technology development of a dense, high-performance (IK-bit at 50 MHz to
100 Mllz) shift register memory chip will be required to meet the specific requirements of
the High-Speed Buffer Memory for wideband signal processing.

Technology Development Candidates

Specific candidates for technology development which would be useful for
wideband signial processor applications are summarized in Table I.

1B. G. Bosch, Gigabit Electronics -- A Review, March 1979, Proc of the IBBB, Vol 67,

No. 3, pp. 340-379.
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Figure D. High speed buffer memory requirement as a function of
listening time and sample rate (i.e., time-bandwidth product)

Table I. Technology IDepelopment Candidates for Widead Signal Processing Applications

Candidate Performance

A/D Converter 6-bits at 400 MHz (desired)
6-bits at 100 MHz (acceptable)

Shift Register Memory 1 K-bits at 400 MHz (desired)
1 K-bits at 100 MHz (acceptable)

Uncommitted Logic Array 500 gates at 2 GHz
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6.4.7 RISK ASSESSMENT

Based on the assumption of a continuing study/development program through 1985,
most signal and data processing requirements are likely to be met.

This section addresses the overall risk assessment of meeting the performance, weight
and volume requirements which have been established for the processor subsystem for the
po)st-1985 time frame. (See Table opposite).

In each case the assessment is based on a continuing study/development program
through 1985 of sufficient magnitude to define all system and subsystem parameters
iteratively against the background of a developing technology. In addition, it assumes the
specific development of the technology candidates identified in the Table and described in
more detail elsewhere in this report, or their equivalents, if the evolving technology should
favor alternative architectures.

Under these assumptions, signal and data processing requirements can likely be met
in th 1985 time frame with a low to medium risk. Weight and volume constraints are likely
to be continuing problems, however, since increased system definition usually leads to
signal/data processor growth.

The risk of meeting the wideband signal processing requirements by 1985 is judged
to be high.
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6.5 MECHANICAL TECHNOLOGY

6.5.1 MECHANICAL DESIGN CONSTRAINTS

The tactical environment will impose severe constraints upon the mechanical
design of the A.TR.

The operational requirements for the future TACS and all of its elements dictate
the need for an ATR composed of small, flexible, modular units that will:

a) Decrease ATR vulnerability by decreasing the value of its individual
elements and make each element easier to move and/or conceal.

b) Adapt the ATR to the current situation (terrain, jamming, etc.) and
accommodate degraded status situations (component failure, physical
damage, etc.) as quickly as possible.

c) Assemble and quickly deploy a radar sensor system tailored to* the
specific needs of the contingency and theater of operations (3600 or
sector coverage, monostatic or bistatic, etc.).

Tactical deployment of the ATR will entail transport to the theater of operations
as military cargo. Tactical mobility will be required on short notice after arrival. Vibration
and shock associated with transport/mobility will constrain packaging techniques and the
overall structural configuration. For example, components of the antenna subsystem must
possess resonant frequencies above those experienced or be isolated from them. Components
of the Receiver/Processor subsystems, must employ large-scale integration, large bulk
memories, etc. They must also be densely packaged and reduced in size to effect sub-
systems that are more inherently shock and vibration proof. The mobility requirement
additionally imposes a weight constraint that demands mechanical design simplicity and
effective materials usage.

The tactical environment includes the threat of physical damage from a variety of
weapons systems. The effects of these weapons systems range from small projectile fragments
to nuclear blast. There are several generally recognized methods of decreasing vulnerability/
improving survivability; most notable among these are hardening, redundancy, and mobility.
The latter two can be achieved by selecting the proper configurational design for the system
and the former by providing the degree of hardening (protection) needed.

The significant mechanical design constrain ts/requirements are shown in the Table
opposite.
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Mechtnal Desisn Cnstrafu/Requirmgent

Requirements Baseline Design

Modular Units 3 modular units: 2 identical radar sensor
units, I prime power unit.

Redundancy Provided by two identical radar sensor units.
Increased redundancy can be provided by
configuring system as four single antenna
face sensors with integral prime power.

Transportability/Mobility Achieved by modular design.

Hardening Achieved through use of armored vehicles
and armored antenna faces.

6-I
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6.5.2 BASELINE MECHANICAL DESIGN

The A TR achieves high mobility through deployment with three self-propelled
vehicles.

Three vehicles carry the full ATR - that is, an ATR that covers a full 3600
azimuth sector. The four antenna faces are mounted on two vehicles as shown in the
Figure.

The vehicle selected for carrying the radar sensors is the GSRS carrier with minor
modifications to the cargo area. A weight breakdown is shown in Table 1. The signal/data
processors are mounted in the cargo well of the vehicle. The armored crew cab of the
GSRS is of adequate size to contain a CRT display communications equipment and operator.
Prime power, timing and control and the System Processor are contained on a second vehicle
which can be an M548 Carrier, a smaller carrier than the GSRS. There is adequate capacity
on this vehicle to also carry fuel.

It is possible to set up and tear down this configuration with the use of three men
in the time allocated (i.e., 15 and 5 min., respectively). However, the combination of
vehicles will allow a crew complement of 6 to 9 men dependent upon number of radar
sensor modules deployed.

Prime power is a motor generator set mounted to its own vehicle, M548 cargo
carrier. Fuel can also be carried on this vehicle.

To achieve off road mobility, the antennas are moved to vertical relative to the
vehicle, placed back to back and secured to the vehicle at their bases. Highway transport
will require that the upper halves of the antennas be removed and secured to a trailer. This
may require that tile arntenna vehicle carry its own hoist provisions.

To level the antennas, there is a gimbal frame mounted in the bed of the vehicle.
There is also a pedestal, integral with the gimbal, so that the antennas may be moved from
90' opposed position to the back to back position.
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* TWO GSRS CARRIERS - ONE M548 CARRIER

- TWO RADAR SENSOR VEHICLES
- ONE PRIME POWER/FUEL VEHICLE

* FOUR PLANAR ARRAYS

- 276 X 171 ELEMENTS (13.3 ft X 12 ft)/ARRAY
- 8562 Ib/ARRAY

* TOTAL ANTENNA PAYLOAD 18,624 Ibs

* PRIME POWER REQUIRED 100 kW

• COMPOSITE TECHNOLOGY UTILIZED

A TR baseline configuration
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Table . Weight Breakdown Baseline Configuration

Horizontal Feed with Lens 43 lbs
Azimuth Switch (2 each) 3 lbs
Phase Shifter 1 lb
Amplifiers (average) 7 lbs

54 lbs x 138 = 7452 lbs
Elevation Lens +10
Cabling +300

Active Elements = 7762 lbs
Structure 800 lbs 800

Array Weight = 8562

x2

17124
Signal/Data Processor 200 lbs
Leveling and Erection System 900 lbs
Vehicle Stabilization 600 lbs

18824 lbs
Payload GSRS 20000 lbs

6 /



6.5.3 MECHANICAL DESIGN TRADEOFFS

There are a number of mechanical design tradeoffs to be considered; all of which
will affect the A TR design and performance.

Utilizing a standard width vehicle will require stabilization. The GSRS may require
less stabilization due to the availability of a suspension lockout system. It will be necessary
to incorporate a leveling system between the vehicle and the antenna or the ATR will require
a flat and level site thus reducing freedom of deployment. The leveling of the vehicle with
antenna erected, while simple in concept, will require additional power or increased time for
set tip. Also larger pads must be provided to limit soil loading.

Prime power is another area of consideration. The baseline employs a diesel
powered motor generator set. It may prove to be more efficient to run the generator from
the prime mover engine although such engines have not been noted for being entirely suitab!c
for long term, steady speed operation. There are turbine generator power units available that
may require extensive quieting to be usable. Identification of the fuel to be most available
could be a problem. Possibly incorporating an engine with multi-fuel capability such as a
turbine will be part of the answer.

Other tradeoffs regarding materials, mobility and survivability will be addressed in
the respective sections.
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6.5.4 MATERIALS TECHNOLOGY

From the mechanical design point of view one area of concern in the antenna is
that of assuring the high order of accuracies and stability demanded by system functiolial
performance requirements. At the same time the system must be lightweight, mobile, easily
deployed antd resistant to the tactical environment.

Much work has been done in the area of lightweight, stiff structural components by
the aerospace industry. Weight efficiencies of various structural materials are shown in
Figure A. Utilization of one or a few of these materials, as deemed appropriate, could
minimize the elastic deformation of the antennas structural elements under severe loading
conditions while resulting in a lightweight, mobile design.

Unlike metals, designs with advanced composites begin on the matrix/reinforcement
level. Tradeoffs between fiber properties, fiber orientation and matrix properties can be used
to optimize the material for a specific application. On the plot of specific tensile modulus
versus specific tensile strength (Figure A) a particular composite permits various combinations

of specific properties by variations in orientation of the specific fibers. Mixing fiber types in

the reinforcement further widens the material characteristics avaiiable. Some blends of
graphite and Kevlar are presently available.

Further advances are being made in the composites of an aluminum matrix with
boron fibers. Boron nitride fibers for use in a resin matrix are being developed by
(drboruduin Co. with Air Force support. The primary intent of this effort is to fabricate
a lower loss radomne.

In the area of arnor, work is underway oil a microwave transparent arnor material I
called XP film. Processing requirements limit wide use at this time.

Resin matrix composites have had a moisture absorption problem that has limited
their efficiency. Structural properties of the composite materials on the Navy F-18 fighter
were downrated for design purposes while still resulting in significant weight reductions.
Solutions to this problem are underway in the area of matrix modification. Orders of magni-
tude improvcment in both shear and lexural strength have been achieved with a high-vinyl
modified epoxy resin being developed by the Air Force Materials Laboratory.

Resistance to elevated temperatures has been one of tile constraints on many uses
of resin matrix composites. This is being alleviated to some degree by the introduction of
higher temperature resistant polyimide resins. There are some quality control problems but
these arc being studied by the aerospace industry with NASA support through the ACI.,I
progra im.

The preliminary baseline design incorporates an extensive amount of advanced
composite material to reduce the weight of the antenna and provide armor protection. For
example, the stripline feeds have honeycomb core dielectric with Kevlar b.:ckcd aluminum
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ground planes. This design, while strong and compact, creates a heat removal problem due
to the resistance to heat flow. The lenses are solid state construction with a high K dielectric
and Kevlar backed aluminum ground planes. Construction of both of these units incorporates
multiple layers of adhesive. It is necessary to increase the heat flow rate from these
assemblies. One method Would be to decrease the temperature of the area around the
component by air conditioning of some nature.

The electronic components are solid state and densely packaged. The use of heat
pipe technology, vortex tubes or other means to increase rate of heat flow may be required.

4.
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Figure A. Comparison otf weight efficiency for arious structural materials
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6.5.5 MANUFACTURING TECHNOLOGY

Acquisition cost for any system of this type is heavily influenced by fabrication
costs; therefore, production methods will be an important factor.

Since the preliminary concept for the antenna portion of the system has been based
on the use of composite materials and the overall cost of parts using these materials depends
on the cost of tooling and labor, significant attention must be paid to these areas.

Considering the stringent accuracies required of the antenna, control of warpage in
the component is of prime importance. Most critical components may have to be fabricated
on steel tools while less critical components can be fabricated on aluminum tools. Labor
costs can be controlled by detail design factors and extensive use of tooling aids.

Most of the tooling will be of fairly simple nature. Flat surfaces with critical
dimensions controlled by material thickness dimensions will predominate. One of the critical
areas will be in the stripline feed assembly. llere the impedance of the assembly is controlled
by dimensional control of the thickness of the honeycomb dielectric. This dimension is
normally controlled within plus or minus 0.006. The entire assembly can be fabricated in
three steps. First is fabrication of the printed circuit on a three to five mil substrate.
Second, fabrication of ground planes by bonding aluminum foil to Kevlar reinforcement.
Finally, secondary bond previous components to honeycomb with scrim supported adhesive.
Flatness of ground planes will be assured thro ugh use of flat tooling for bonding aluminum
to the Kevlar. Dielectric spacing is controlled via machining of honeycomb and final assembly

tolerances are assured by use of flat plate presses.
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6.5.6 MOBILITY AND TRANSPORT

Rapid set up and "'march order" moves are possible by allowing the antennas to
remain upright and limiting intravehicle cabling.

Field mobility is possible with the antennas erected with limitations imposed in
traversing side hill slopes due to the high center of gravity of the vehicle/antenna assembly in
this configuration. To become mobile, it will be necessary to disconnect the intervehicle
cabling, move the antennas to vertical relative to the vehicle, swing the antennas back to back
and lock them to the vehicle.

Highway transport will require that the upper half of each antenna be disconnected
and removed to a trailer to be towed.

To achieve transport by rail or air it will be necessary to remove both antennas qnd
break them in half. The antenna portions must then be placed on pallets for transport.

A search was made for shock and vibration data during various modes of mobility
and surface transport. Vibration data ranges from I.Sg at 2 to 7 Hz to 20g at 180 Hz.
Shock data ranges as high as 20g at 20 msec pulse.

MOBILITY FIELD

0 WITH ANTENNAS ERECTED LIMITED

TRANSPORT -. HIGHWAY

' WITH UPPER ANTENNAS STOWED ON TRAILER - 8 ft WIDE X 10.5 ft HIGH

0 MEETS REQUIREMENT U.S. AND EUROPE

TRANSPORT RAIL

* ANTENNAS REMOVED FROM VEHICLE. DISASSEMBLED AND PALLETED

* ADEQUATE CLEARANCE U.S AND EUROPE

TRANSPORT AIR

* ANTENNAS REMOVED FROM VEHICLE. DISASSEMBLED AND PALLETED

•0 ANTENNAS WILL FIT C-1238, C-124C. C-130A, C-133A, AND C-BA

o 0 VEHICLE LIMITED TO C-124. C-133A. AND C-5A

Mobility and transiportation of the tactical radar is possible due to its modularity.
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657 SURVIVABILITY

A large part of the hostile tactical environment is the threat of weapon effects.
These range from small projectile fragments to nuclear weapon blasts. Various levels of
protection are available with attendant various levels of impact on cost and weight.

Vulnerability of all the system components to all aspects of the threat must be
assessed. Methods and levels of protection can then be specified based upon the level of
Vulnerability. Some of the methods include:

- Hardening by design and materials
- Incorporation of armor
- Redundancy of components and structure
- Improved repairability
- Shielding

Protection from ballistic fragments is provided by armor. Traditional armoring
techniques required the use of heavy aluminum or steel plates. Lighter weight armor
materials have been developed. Several of these are woven Kevlar and XP film. The XP film

(expanded polypropylene) should be used for nonstructural applications only. It is mentioned
because of its unique electrical properties which make it suitable as a radome while providing
protection from projectile fragments.

Kevlar, as an armor, has proved to be quite successful. In a semirigid formulation
of one-half inch thickness can provide protection against, for example, a 207 grain fragment
with a velocity of about 2,000 feet per second.

Higher levels of protection are achievable by combining different materials so as to
offset their respective weak points. A typical two-component armor system consists of a
facing of a hard, brittle material and a backing of a softer, ductile material such as semirigid
Kevlar (see Figure A). The projectile or fragment is broken upon impact with the hard
facing in the first few microseconds after contact. The residual energy and the smaller frag-
ments are then absorbed by the backing material. Performance of such a combination is
shown in Figure B.

A nuclear weapon blast has a number of effects. These include EMP (Electromag-
netic Pulse), airblast wave, thermal radiation, ionizing radiation, and radioactive fallout.
Vulnerability of the system to any of these threats must be assessed.

EMP may affect the internal circuitry and components. Partial protection can be
provided by use of electromagnetic shielding techniques but the exposed radiating face
cannot be so shielded.
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Air blast wave results in wind effects that may greatly exceed the elastic limit of
the antenna structure. This air pressure may greatly exceed that resulting from wind depend-
ing on range from ground zero. Level of survivability must be defined. In this area high
structural efficiency will alleviate disastrous weight increases.

Thermal radiation will tend to destroy the composites matrix through reducing the
structural integrity in relationship with the char depth. Protection can be provided for short
periods of time by utilizing an intumescent coating. Again the radiating face may not
receive protection because electrical characteristics of the coating may not be adequate for
radome use. There is an intumescent coating commercially available that will protect steel
up to 1000°F for one hour. The ultimate heat resistance in a polymide resin matrix is in
the area of 500 to 600°F. Thus, a like thickness of coating could possibly protect a
composite structure for thirty minutes.

The effects of ionizing radiation on the resin matrix is variable. Some resins are
degraded and others are strengthened through further crosslinking of the molecule chains.
Thus, it will be necessary to restrict freedom of choice of resin matrix.
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6.S.8 MECHANICAL TECHNOLOGY ASSESSMENT AND RISK

Successful achievement of a cost effective A TR system will depend upon a balanced
approach to all of the requirements of the tactical environment.

Weight affecting mobility must be balanced against survivability in the tactical
mobility and transportation modes of operation. Performance levels must be balanced against
manufacturing costs incurred to achieve these levels. Reasonable performance parameters must
be established in the area of performance, mobility, transport and survivability for the ATR
system to assure maximum performance vs system cost.

Certain technological areas associated with production of the antenna will need
further development.

At present, these technological items are available:

- The GSRS Cartier with a 20,000 lb payload.
- The M548-S Carrier with a 16,000 lb payload.
- Manufacture of controlled impedance stripline sandwich assemblies.

For the future, these technological items should be accomplished:

- Transfer of aerospace composites technology across to the radar industry via
exploitation of the NASA/ACEE data bank.

- Reduce production costs of stripline feed/integral lens production by better
tooling/production techniques.

- Develop lighter weight armor. This is currently being investigated by a
number of firms and some improvement may be forthcoming. At present the
ceramic/kevlar combination referred to earlier is the lightest available.

- Increase passive heat transfer capabilities. The heat pipe industry may be
able to achieve considerable improvement.

A tactical assessment of the threat resistance threshold required should be
conducted in these areas.

* EMP level resistance
* Airblast
* Thermal Radiation
* Ionizing Radiation
* Fragment size and velocity
* Radioactive Fallout
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- Adaptation of vehicles to accommodate equipments in the area of structural
wiring and shock/vibration provisions.

- It may be advisable to develop alternate feedstocks for the oil based resin
matrices presently used in advanced composite structures. Alternately it may
be necessary to secure an oil allocation to allow fabrication of the advanced
composite raw materials.

Time and Cost Estimates

Item Labor and Materials Calendar Time Risk

Composites Technology 40 man-months 24 Months Low
$222,000 materials

Data Search
Process Specifications
Test Hardware Configuration
Fabricate Test Items
Test and Reduce Data

Stripline/Lens Production 6 man months 12 Months Low

Design & Development
Tooling Design

Lighter Weight Armor $150,000 material 18 Months Med

Define Several Configurations
Ballistic Tests
Refine Final Configuration
Final Test & Data Reduction

Threat Resistance Threshold 40 man-months 10 Months Low
$ 20,000 material

Consultation
Matrix Generation
Matrix Reduction
Threshold Definition
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7. RELIABILITY AND COST CONSIDERATIONS
7.1 RELIABILITY

The baseline A TR has been designed to have a high level of reliability through the
use of redund nit solid-state power amplifiers, and extensive use of BITE and Monitoring.

The worst case reliability prediction of the baseline ATR system is provided in
Table I. The predicted reliability was arrived at in accordance with procedures of
MIL-STD-756. Antenna array parts temperatures were assumed at 70 degrees centigrade
and the following component and unit criteria were assumed:

a) Microcircuits shall be MIL-M-38510, Class B, to the degree of availability and
all devices screened to MIL-STD-883, Level B.

b) Semiconductors shall be JANTX quality level.

c) Passive parts (resistors, capacitors, etc.) shall be Established Reliability (ER),
Level P or better

d) Other parts shall be either MIL specified or controlled for quality assurance
through parts and component specifications.

The baseline system reliability prediction considers redundancy at various equipment
levels and multiple maintenance time periods. The following paragraphs discuss the
redundancies considered.

Antenna RF Solid-State Power Amplifiers

The four antenna faces would contain 552 amplifier sets which would contain
an estimated 20 thousand microwave transistors. A set of modules powers one row of
horizontal radiators. Each of the 552 sets contains one to ten modules, to form the
amplitude taper in the vertical plane. Allowable soft degradation (performance degradation
that does not fall below the required performance level) exists such that transistors
redundancy plus module (each of the 552 amplifier sets contain one to ten modules)
redundancy could be considered. In the projected baseline design, each module contains
one series transistor, driving seven parallel transistors. One of the seven transistors can
fail without module failure, so six of seven redundancy exists (see Figure A).

The redundant equivalent failure rate of the transistors was calculated using a
maintenance time of six months which would allow for a maintenance program that would
require replacement of noncritical transistor failures no more often than twise a year.
Allowable soft degradation redundancy is a necessity in the transmitter and can be
accomplished by two methods. Either extra amplifier sets can be provided or an extra
module can be added to the amplifier sets. Either approach will achieve soft degradation
redundancy. Figure B contains the reliability block diagrams for the two configurations.
The reliability analysis disclosed that a combination of the two approaches optimized the
redundant failure rates and was a function of the number of modules contained in an
amplifier set. A maintenance time of 168 hours is used in the reliability analysis.

7-2

A-,



Table L Bmffee System Reibil"ty Pediction

Failure Rats (f0/ 8 hrs)

Item Unit Systm

Antenna/Transmitter 4 86.821 347.284

Signal Processor 5 191.862 2.931

Data Processor 5 355.599 10.030"

Receiver/Processor Power Supply 4 1.8227 7.291

Frequency Synthesizer 1 18.979 18.979

Timing and Control 1 25.582 25.582

0) Total FR = 412.097

MTBF 2426 hours

*Redundant equivalent failure rates.

MODULE MDL OUESTSERIESPARTS 6  TRANSISTOR NO1 - 1.208 f/10M HRS.
X111-3.22 /106HRS A112 ,' 3.20f/10 HRS

A112  I-R112
R1 12 ( t ) dt TRANSISTOR NO. 2

R1 2 - 7 "6A112t-6 7X112t

T - 6MONdTHS6oRO

A1 12 - 0.88 tfl06H RS.

TRANSISTOR NO. 7

A11 " A111 
+ A112 + 113 = 5.406 f/106 HOURS

R 1  e 11I' e -5.41o4)t

Figure A. Module rellability block diagram and math model
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Antenna PIN Diodes and Drivers

Contained in four antenna arrays (Faces) are an estimated 295,000 PIN diodes
which could present an undesirably high failure rate. This potential problem can be
resolved by the use of quad-network pin diodes (four pin diodes to a package or chip
with two in series and two parallel paths) to provide adequate diode redundancy. This
redundancy will yield at least a twenty-to-one reduction in individual pin diode failure
rates with no redundancy maintenance required during the life of the antenna. In addition,
allowable soft degradation in inherent in the pin diode switching and driver circuits which
allows for m of n redundancy in pin diode circuits. These redundancies are considered in
the reliability prediction. As in the transmitter analysis, the maintenance time used for
the m of n redundancies is 168 hours.

Antenna RF Connections

In addition to tile microwave transistors and the pin diodes, a very large quantity
of RF connections must be considered as they could significantly affect antenna reliability.
The reliability prediction therefore assumed that hard wiring (no RF connectors) would be
used in the equipment where no redundancy from allowable soft degradation existed. This
assumed design approach is considered necessary to achieve high reliability in the antenna.

Antenna BITE and Monitoring

Throughout the antenna, sufficient BITE and Monitors are included in the design
and their inclusion is considered in the reliability analysis. Normally, the BITE and
Monitors are a part of the individual redundant items (i.e., each amplifier set and module
contains individual BITE), and their failure rates are considered in the redundant reliability
determinations. A centralized Performance/Fault Isolation assembly is included in the antenna
and it is considered necessary to provide a voting type redundancy in this assembly.

Signal Processor

The system contains five Signal Processors: one per antenna face and one spare.
Each Signal Processor consists of channels of initial processing. Redundancy exists because
only 10 channels of the I I are required for mission success. The reliability prediction

considered the 10 of II redundancy with eight hours between card failtre and card
replacemen t.

Data Processor

There were no internal redundancies required or considered.

Processor Low-Voltage Power Supply

For every two low-voltage subassembly power supplies, a redundant item is
necessary and is assumed in (he radar reliability prediction. Tile maintenance schedule
for replacing failed redundant power supply items was assumeu to be six months
(4380 hotr).
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Figure B. Amplifier redundancY configurations.
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Frequency Synthesizer, and Timing and Control

There were no redundancies considered.

In addition to redundancies discussed in the foregoing for the system elements.
the reliability prediction considers a redundant signal processor a redundant data processor
exist in the system. Figure C contains a reliability block diagram of the system which
shows the four of five redundancy (active type) for the signal and data processors. The
math model for the redundancies is provided, and for the model "t" equals eight hours.

The achievement of the reliability level reported herein can be acci)mplished
through: the selection and application of reliable parts and components, packaging
techniques for minimization of parts used. and the incorporation of optimized designed-in
redundancies. To enhance the potential reliability achievements, and possibly achieve
further gains, there are three areas of pursuit for future reliability improve.ments: (IH the

improvement of the reliability characteristic of microwave transistors for the C-band
application is thought to be a significant and desirable challenge, (2) phased array antennas
can use very large quantities of pin diodes, theiefore the pursuit of very high reliability
pin diode and driver circuits appears to be in order; and (3) RF connectors may also be
used in large quantities in the phased array antenna, and the large potential effect of these
parts failure rates may be reduced through high-rel connectors or developed techniques for
RF connections not using the connectors.
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7.2 COST

The goal of this study has been not only to synthesize a conceptual radar system
that meets the specified operational performance in a hostile TACS environment, but also
provides the lowest possible cost over the life cycle of the radar.

The stated goal of this study has been to synthesize a conceptual radar system
which will meet the specified operational performance requirements in the presence of ECM,
chaff, ARM, and clutter environments anticipated in the post-1985 time frame. However, it
is not enough to simply meet the real-time operational performance requirements; the system
must also demonstrate an operational availability consistent with the needs of the user at the
lowest possible cost over the life cycle of the hardware.

The required short-term dependability of a system can be achieved through the use
of high reliability components and/or selective redundancies. The longer term availability of
the system requires the ability to detect and repair any given fault in the shortest possible
time period. This maintainability feature can be achieved through extensive use of automated
fault detection/isolation circuitry, careful attention to the packaging/modularity design of the
hardware, and the establishment of an effective maintenance support system.

In the final design of any complex radar system, careful attention must be given to
reliability, maintainability, and supportability. All three factors directly influence the opera-
tional availability and life cycle support costs of the system. Numerous trade-off studies
must be conducted to ensure the most cost-effective approach.

Life Cycle Cost Factors

Life cycle cost (LCC) is defined as "the total cost to the Government for acquisition
and ownership of a system over its full life. It includes the cost of development, acquisition,
operation, support, and, where applicable, disposal." The most significant cost elements in
the total LCC are:

a) Development and production costs
b) Maintenance (labor and transportation) costs
c) Investment in spare line replaceable units (LRUs)
d) Investment in spare piece parts
e) Investment in consumable LRUs
f) Investment in support equipment
g) Cost of maintenance and operating facilities
h) Cost of personnel training
) Cost of all maintenance documentation

j) Cost of inventory management
k) Cost of software maintenance.

Cost element a), development and production, is an acquisition cost element. The remaining
elements constitute the maintenance efforts which reflect the cost impact of the system design.
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General Design Considerations

Three design factors which significantly affect LCC are modularity, commonality
and BITE.

a) Modularity - Generally, increasing the modularity of an equipment by
subdividing higher order assemblies improves the LCC characteristic. The
improvement is most evident when the subdivision results in accumulation
of the high-failure-rate parts on a single LRU. This permits a spares
policy of stocking spare LRUs for high-failure-raie LRUs, and selective
stocking (or nonstocking) of spares for other (low-failure-rate) LRUs.
Furthermore, since smaller LRUs have fewer parts, they tend to be less
expensive. Thus, the unit cost of a failed LRU is lower, the cost of the
replacement spare is lower, and the unit and total cost tied up in
maintenance float spares is lower.
There are limits to the benefits of increasing modularity. However, one
such limit is BITE. If a functional unit has a required MTTR of
10 minutes, then the individual modules making up that unit should have
sufficient BITE to permit identification and replacement of each failed
module in 10 minutes, average. Consequently, the benefits of increasing
modularity require careful consideration of the potential increase in cost
anc complexity of BITE, to assure a cost-effective overall solution.

b) Commonality - There are no negative aspects to true commonality. That
is, the use of common items in functional applications that are identical
or sufficiently similar to make effective use of the item.

Commonality should be considered at the systems level as well as at the
parts level to reduce the types of LRUs to the lowest practical number.
However, the compromises that occur to obtain commonality, in unequal
applications of an item, must be carefully weighed to verify that they are
cost effective.

c) Built-In Test Equipment (BITE) - BITE design that determines the ease
with which faults are indicated, localized and tested after repair, also
influences support costs associated with personnel skills, personnel
requirements, and both common and special-purpose test equipment
requirements. BITE design is critical to the attainment of guaranteed
maintainability properties of an equipment and also influences the distri-
bution of repair times. The repair time distribution is used to calculate
a risk for shortage which determines spares investment costs. The more
comprehensive the BITE design is, the lower support costs will be.

Conclusions

During the development of new equipments, the scope of design trade-offs is limited
only by the innovativeness of the designers as constrained by the logistics alternatives. These
trade-off studies constitute an important part of the LCC function. They must be commenced
at the very onset of the conceptual design phase and be continued throughout the design and
development of the final hardware.
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Quantitative values of LCC can only be approximated during the conceptual design
phase due to lack of hardware detail. As concepts and designs mature through an integrated
logistics/design process, these approximated values must be refined and tracked to ensure the
most effective system.

Cost Summary

The estimated program cost including the nonrecurring costs plus the recurring costs
for 30 production systems over a 10-year life cycle are summarized below. Costs are
expressed in now-year dollars, assuming that the technology developments discussed in this
report are all accomplished. The bases for the estimated costs are described in
succeeding sections.

Total Unit Total
Development Production Operating Program

Cost Cost, Cost2  Cost 3

Investment Cost $40M $ 7M - $ 250M
Yearly Operating Cost - $45M $ 45M
Documentation $ 4M $20K - $ 4.6M
Training4  

$ 2M - - $ 2M 4
Total $ 301.6M
Life Cycle Cost, per system, per year s  

$1,005.3K

130 systems, cost per system
230 systems for 10 years total
330 systems for 10 years, plus development (sum of development, production, and operating costs)
4Instructor's Course at ITT Gilfillan
5This is the total program cost, spread over 30 systems for 10 years.

Initial Investment Cost

For purposes of estimating the investment cost of the system, an equipment
description was developed which allocated the performance and design of each subsystem down
to the lowest functional electronic unit. (For structural and microwave sections, the allocation
was generally to the lowest field-replaceable assembly.) Roughly speaking, this unit level
corresponds to the level of a line replaceable unit (LRU). Examples of typical LRUs would
be: digital circuit boards, memory boards, transmitter modules, receiver low-noise amplifiers,
individual low-voltage power supply modules, etc. Subsystem elements that are not functional
(such as racks, enclosures, etc.) were considered as cost elements of the subsystem.

The development of nonrecurring and recurring cost estimates were based on a full
development program; fabrication of a first production unit; factory test; delivery; IOT&E
(Initial Operational Test and Evaluation); and production of 29 additional systems. Thus,
the recurring cost is for 30 systems.
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The methodology of estimating involves the following steps:

a) For each LRU (or other cost element), a target cost for the recurring cost
of the LRU for the first production system was established. (This target
cost may be, derived from recent actual costs of equivalent or similar
units in production; from cost-complexity factors related to IC counts, size,
weight, etc.; or from judicious allocations of expected costs of
constituent parts.)

b) The linear sum of the target costs for LRUs and other cost elements
results in the expected recurring cost for one system.

c) Standard statistical methods are used to estimate the (lower) average
cost across the total production run (in this case 30 systems).

These steps give an estimate of the recurring portion of the initial investment cost of the radar.

The nonrecurring cost has been estimated by use of an internal parametric model,
based on an assumed development schedule, subsystem LRU count, and equipment type. The
model is based on a selected peak staffing level for each of 12 design groups, with separate
inputs for expendable material, travel, computer charges, and other direct costs. These cost
inputs (labor, material, and other direct costs) form the basis for the estimate of
nonrecurring cost.

Yearly Operating Cost

The yearly operating cost consists of the incremental expected yearly cost of
operation of the radar, not included in cost elements.

For estimating purposes, the site manning is assumed to be one full-time contractor
technical representative, or equivalent-cost military personnel.

The cost model for operating cost also includes the recurring cost of power. For
this system, the primary power recurring cost is the fuel cost for the generator, which is
rated at eight gallons/hour at full output. An operating schedule of 1,000 hours/year is
assumed, and a fuel cost of $1.25/gallon.

Documentation

The estimate for documentation includes the preparation and delivery of the
technical manuals required to install, operate, and maintain the equipment: as well as the
additional costs for documentation of the nonrecurring management, design, test and validation,
including assumed plans, procedures and reports.
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Personnel Training

The estimate for maintenance personnel training includes the design of a training
course, including lesson plans, training aids, student notebooks, block tests, and class
handouts; and the actual conduct of the training course. This estimate assumes an
instructor's course, taught at ITT Gifillan.

Life Cycle Cost

The life cycle cost, per system, per year, represents the average cost per year, per
system, for 30 systems over a 10-year period, and includes an apportioned amount for
investment cost, yearly operating cost, documentation, and training.

(Note: This calculation assumes zero value at the end of 10 years, whereas, in
fact military equipment can frequently be extended in service for over 20 years, in a
cost-effective manner. The ATR is assumed to be designed for a service life of at least
15 years.)
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Section 8

ALTERNATE SYSTEM APPROACHES

8.1 Third Performance Level System (Azimuth
Mechanical Commutator Scan)

8.2 First Performance Level System Discussion
(Digital Beam Forming on Receive Only)
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8. ALTERNATE SYSTEM APPROACHES
8.1 THIRD PERFORMANCE LEVEL SYSTEM (AZIMUTH MECHANICAL

COMMUTATOR SCAN)

Alternate system approaches were considered in addition to the baseline system
described in previous sectlions of this report. The objective of investigating this alternate
approach was to define a low cost system with reduced performance capability (third
performance level).

The third performance level system configuration and antenna block diagram is
presented in Figures A and B and the motivation behind this design was to achieve a
compromise between a very low data rate mechanical scanning high inertia antenna, and a
high data rate (but potentially costly) electronic beam switching array. By utilizing a
relatively low inertia commutator feed for azimuth beam forming and for azimuth beam
scanning it becomes possible to provide rapid (relative to a large rotating antenna)
mechanical azimuth beam pointing thereby permitting a track-while-scan (TWS) capability.
The identifying characteristics of the third performance level system are listed as follows:

* Cylindrical antenna array for full azimuth coverage to 20 degrees elevation

* Six simultaneous or sequential (one pulse repetition period) transmitter beams
and six receivers

* Pairs of simultaneous beams are separated 120 degrees in azimuth

* Azimuth scan is basically sequential via mechanical rotating commutators

* Elevation scan can be randomly selected via electronic beam switching

* Sequential target tracking Performed via mechanical commutator during search
interrupt.

In the commutator approach the six transmitter beams are formed sequentially or
simultaneously in one pulse repetition period. For sequential transmission a single beam
transmitter pulse is fed to the single-pole six-throw switch, shown in Figure B, which selects
the proper commutator input port. The commutator output consists of an array (along the
outer circumference of the commutator) covering a 1 20 degree sector, three sectors are used
for each of the two commutators resulting in a total of three azimuth beam positions for
each pair of beams (i.e. upper and lower commutators).

The azimuth beams formed by the commutators are fed to vertical beam control
units (switching networks) which energize the appropriate input port (for elevation beam
pointing) of the beam forming Rotman lenses.

Azimuth amplitude weighting is achieved in the commutator and elevation
weighting in the Rotman lenses.
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A typical pulse sequence and beam pattern is illustrated in Figure C for the
sequential transmit pulse mode.

The C-band commutator system approach appeared to have several significant
advantages early in the study. The significant advantages that appeared were:

a) Constant azimuth beam width with azimuth pointing angle (i.e., a uniform
azimuth effective aperture)

b) 360 degree azimuth coverage with cylindrical array

c) Single vehicle installation for cylindrical antenna.

Later in the study, however, it was learned that vertically oriented Rotman lenses
would tend to produce systematic phase errors resulting in poor azimuth sidelobes in the
cardinal plane. Azimuth sidelobe performance is vitally important in a stand-off jammer
and/or ARM environment.

It was also learned later in the study that the taper and other losses had been
optimistically estimated by more than 3 dB. Since the aperture area is near its upper limit
from a mobility point of view this loss must be recovered by increased search time, increased
power or reduced range. Of these three, reduced range probably is the most attractive.

Higher average powers would not only produce significant temperature rises in
the antenna but also require additional prime power. Slower search times would further
constrain the already limited track data rate.

The major risk areas associated with the third performance level system are
* summarized below:

* a) May achieve relatively poor sidelobe performance in the azimuth cardinal
plane due to systematic phase errors

b) Power aperture product will be approximately 3 dB poorer than baseline
system approach

c) Number of target tracks (-25) per 10 seconds is severly limited relative to
baseline approach

d) Cannot use distributed solid-state Transmitter (hence losses are increased and
reliability is reduced)

e) Rapid beam direction random access is only achieved in elevation.

Of these risk areas the limited track data rate is probably the most critical. Future
target densities will very likely necessitate the use of an electronically steerable array.
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The sequential pulse mode has several major difficulties. These are:

* Twenty-five microsecond switching time between pulses uses an appreciable
portion of the total transmit time and therefore significantly increases the
search time while reducing the available time for tracking

* High-power ultra-fast switches are required for the single-pole six-throw
transmitter switch

" Energy management between beams must be achieved on a pulsewidth basis
which could complicate pulse coding implementation.

By transmitting the six transmitter pulses simultaneously one can eliminate the
above disadvantages. Energy management can be achieved by appropriately sharing the
available transmitter power by relatively slow high-power distributors on a pulse period basis.
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8.2 FIRST PERFORMANCE LEVEL SYSTEM DISCUSSION (Digital Beam Forming
on Receive only)

The first (highest) performance level system is identical to the baseline (mid-
performance) system with the exception that receive beams are formed digitaly rather than
with the elevation Rotman lenses (one for V&H polarization) and associated switching
net works.

The first performance level configuration increases the number of required receiver
channels and A/D converters by a factor of 138. Processor requirements are also increased.
This concept is illustrated in Figure A.

Two pot.ntial advantages might be gained over the baseline approach with the
digital beam forming configuration. These are:

Niultiple receive beams for multisite correlation to passively locate jainer
sources

Fine receive beam pointing to null escort jamming sources.

The utility of these advantages are extremely dependent upon the operational usage
of the radar relative to the defeinse system complex. Certainly, passive source location is an
extremely desirable characteristic. It ik possible that these functions, however. inay be more
efficientlv obtained by specially designed auxiliary equipment. ltilization of the existing
radar aperture is on the other hand an attractive possibility which should not be overlooked.

Considerabk technological development is required to achieve the first level system
design relative to the baseline design. The major area for development is low-cost, high-
performance chip receivers which exhibit low-noise figures. high-dlynamic range and wide
Ilstanttaneous bandwidths.

Protective limiters and sensitivity time control STC) would be implemented at RF
prior to the receivers anl phaseamplitude tracking or calibration would also be required to
maintain excellent sidelobes. It is believed that the receiver digital beam forming approach.
although attractivc in concept, will be impractical to implement within the time frame
tinder consideration.
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